Groundwater flow paths in the bedrock fracture zones revealed by using the stable isotopes of oxygen and hydrogen in the Talvivaara mine gypsum pond area, Northeastern Finland by Kittilä, Anniina
  
0
 
 
 
 
 
 
 
 
 
GROUNDWATER FLOW PATHS IN THE BEDROCK FRACTURE ZONES 
REVEALED BY USING THE STABLE ISOTOPES OF OXYGEN AND HYDROGEN 
IN THE TALVIVAARA MINE GYPSUM POND AREA, NORTHEASTERN FINLAND 
 
 
 
 
 
 
 
 
 
Master’s thesis 
University of Helsinki 
Department of Geosciences and Geography 
Division of Geology 
Anniina Kittilä 
January 2015  
1 
 
  
Tiedekunta/Osasto  Fakultet/Sektion – Faculty 
 Faculty of Science 
Laitos – Institution– Department 
Department of Geosciences and Geography 
Tekijä – Författare – Author 
 Anniina Kittilä 
Työn nimi – Arbetets titel – Title 
Groundwater flow paths in the bedrock fracture zones revealed by using the stable isotopes of oxygen and hydrogen 
in the Talvivaara mine gypsum pond area, Northeastern Finland 
Oppiaine – Läroämne – Subject 
Geology / Hydrogeology and environmental geology 
Työn laji – Arbetets art – Level 
 Master’s thesis 
Aika – Datum – Month and year 
January 2015  
Sivumäärä – Sidoantal – Number of pages 
 60 
Tiivistelmä – Referat – Abstract 
 
Bedrock fracturing is considerably extensive and distinct in Finland, and the fractures that are open, conductive and 
interconnected usually control the groundwater flow paths in fractured bedrock. This highlights the importance of 
knowing the locations and hydraulic connections of water conducting fracture zones particularly in mining areas, 
because they can transport adverse substances outside the mining area. In this study, it is focused on examining 
possible hydraulic connections of bedrock groundwater by using the stable isotopes of oxygen (δ
18
O) and hydrogen 
(δ
2
H). 
 
The study was carried out in the Talvivaara mining area in Northeastern Finland alongside a project from the 
Geological Survey of Finland (GTK). After November 2012, when a leakage of acidic, metal-containing waste water 
occurred in the gypsum ponds, there was an urgent need to study the groundwater transport routes in the bedrock 
fractures. The aim was to find hydraulic connections between surface water and groundwater, and to study the flow 
of the groundwater in the fracture zones based on the different isotopic characteristics of waters from different 
sources and isotopic similarities. 
 
Most of the materials used in this study were obtained from the results of the project from the GTK. These materials 
included geophysical interpretations of the locations and water content of the main fracture zones and the results 
from the geochemical analyzes. Together with the interpretations of groundwater flow direction based on hydraulic 
heads these materials formed a frame for this study. The isotope composition of 39 water samples from bedrock 
wells, shallow wells and surface water was analyzed using cavity ring-down spectroscopy (CRDS) method. 
 
The surface waters were clearly distinguished based on their evident evaporation signal, but no significant such a 
signal was observed in the bedrock and shallow groundwaters. However, similarities between groundwater from 
different depths of same well were found, in addition to similarities between different wells along same fracture 
zones. Although the isotopes did not indicate surface water contamination, groundwater contamination with smaller 
amounts of water is possible, in which case the changes in isotope composition are not yet significant, while certain 
elements have elevated concentrations. A NE-SW oriented fracture zone passing in the center of the study area was 
concluded to have the most important role in collecting and transporting groundwater outside the mining area. 
 
More detailed interpretations would require regular sampling for a longer period of time to better distinguish naturally 
and artificially induced changes both in the isotopic but also geochemical compositions. Also the usage of packer 
tests possibly together with pumping tests would be useful in obtaining more comprehensive image of the 
groundwater flow in the fracture zones and their hydraulic connections. 
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Ruhjevyöhykkeet Suomen kallioperässä ovat huomattavan selviä ja laaja-alaisia, ja ruhjeisessa kallioperässä 
yleensä avoimet, vettä johtavat ja toisiinsa yhteydessä olevat ruhjeet säätelevät pohjaveden virtausta. Tämä 
korostaa vettä johtavien ruhjevyöhykkeiden sijainnin ja hydraulisten yhteyksien tuntemisen tärkeyttä erityisesti 
kaivosalueilla, koska ne voivat kuljettaa haitallisia aineita kaivosalueen ulkopuolelle. Tämä tutkielma keskittyy 
kalliopohjaveden mahdollisten hydraulisten yhteyksien tarkastelemiseen käyttäen apuna hapen (δ
18
O) ja vedyn 
(δ
2
H) stabiileja isotooppeja. 
 
Tutkimus toteutettiin Talvivaaran kaivosalueella Koillis-Suomessa Geologian tutkimuskeskuksen (GTK) projektin 
rinnalla. Marraskuussa 2012 sattuneen kipsisakka-altaan vuodon jälkeen, jossa hapanta ja metallipitoista jätevettä 
vuosi ympäristöön, tarve tutkia pohjaveden kulkeutumisreittejä alueen kallioperässä oli suuri. Tutkimuksen 
tavoitteena oli etsiä pinta- ja pohjaveden välillä olevia hydraulisia yhteyksiä, ja tarkastella pohjaveden virtausta 
ruhjevyöhykkeissä isotooppisten samankaltaisuuksien sekä erilaisista lähteistä olevien vesien erilaisten 
isotooppiominaisuuksien perusteella. 
 
Suurin osa tässä tutkimuksessa käytetyistä aineistoista oli GTK:n projektin yhteydessä saatuja tuloksia. Nämä 
aineistot sisälsivät geofysikaalisen tulkinnan alueen pääruhjevyöhykkeiden sijainnista ja vesipitoisuudesta sekä 
geokemiallisten analyysien tulokset. Yhdessä pohjaveden pinnan korkeustietoihin perustuvan pohjaveden 
virtaussuunnan tulkinnan kanssa nämä aineistot muodostivat rungon tälle tutkimukselle. Isotooppikoostumus 
analysoitiin ontelovaimenemisspektroskopiaan (CRDS) perustuvalla menetelmällä 39 näytteestä, jotka edustivat 
kalliopohjavettä, maaperän pohjavettä ja pintavettä. 
 
Pintavedet erottuivat selvästi muista näytteistä niiden haihtumisjäljen perusteella, mutta mitään merkittävää tällaista 
jälkeä ei havaittu kalliopohjavedessä tai maaperän pohjavedessä. Samasta pohjavesiputkesta eri syvyyksiltä 
otetuissa näytteissä sekä samassa ruhjevyöhykkeessä sijaitsevissa eri pohjavesiputkien näytteissä oli kuitenkin 
nähtävissä samankaltaisuuksia. Vaikka pintavesikontaminaatiota ei voitu isotooppien avulla osoittaa, pohjaveden 
kontaminaatio pienemmillä vesimäärillä on mahdollista, jolloin muutokset isotooppikoostumuksessa eivät vielä näy, 
mutta tietyt alkuainepitoisuudet ovat koholla. Tärkeimmäksi ruhjevyöhykkeeksi tulkittiin tutkimusalueen keskeltä sen 
läpi kulkeva koillis-lounaissuuntainen ruhjevyöhyke, joka on todennäköisin pohjaveden kulkeutumisreitti 
kaivosalueen ulkopuolelle. 
 
Yksityiskohtaisemmat tulkinnat vaatisivat säännöllistä näytteenottoa pidemmällä ajanjaksolla, jotta olisi mahdollista 
erottaa luonnolliset ja kaivostoiminnan aiheuttamat muutokset sekä isotooppi- että alkuainekoostumuksessa 
paremmin. Myös packer-testien käyttö mahdollisesti pohjaveden pumppauksen kanssa edistäisi kattavamman 
ruhjeissa kulkevan pohjaveden virtauskuvan saamisessa ja ruhjeiden hydraulisten yhteyksien tulkinnassa. 
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1. INTRODUCTION 
 
In Finland, bedrock fracturing is considerably extensive and distinct and definitely capable 
of conducting groundwater. This is indicated by the fact that only few drilled bedrock wells 
have remained completely dry (Lahermo et al. 2002). Crystalline rock fracture zones can 
act as water conduits and also transport adverse substances outside the mining area. This is 
the reason why it is important to have knowledge of water conducting bedrock fracture 
zones when studying the impact of waters originating from mining activities. The transport 
of various substances and contaminants in fracture zones and fractures can be predicted 
only rather inaccurately, which increases the importance of knowledge and awareness of 
not only major hydraulic connections between surface waters and groundwater in sediment 
and bedrock groundwater, but also the connectivity and extensity of individual fractures 
and fracture zones. In general, fracture zones that are open, conductive and interconnected 
control the groundwater flow paths in fractured rocks, and subsequently, also the 
distribution of adverse substances. Locating and characterizing these kind of fractures is, 
however, technically challenging. Locating fracture zones and finding their hydraulic 
connections to both recharge and discharge areas is of great significance in predicting, 
preventing and remediating possible contamination by, for example, mining activities (e.g. 
Caruso and Dawson 2009). Characterization of bedrock fractures and groundwater is 
possible through a variety of field and analytical techniques, including geophysical and 
geochemical studies. Contamination in bedrock groundwater as a consequence of mining 
activity can be traced with e.g. chemical composition, isotopes, and concentration of 
process chemicals. 
 
 
1.1 Background of the study 
 
The research for this thesis was carried out as a part of a project ordered from the 
Geological Survey of Finland (GTK) by Talvivaara Mining Company Plc. The 
hydrogeological studies were requested after a leakage in the gypsum ponds in November 
2012 released approximately 1.2 Mm
3
 of acidic, metal-containing waste water to the 
surrounding area. The main goal of that project was to investigate the potential 
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groundwater pollution caused by the leakage. However, the available preliminary data was 
not sufficient to describe the groundwater conditions in the study area, so more detailed 
information of the groundwater transport routes and directions both in sediments and 
bedrock was required. The results from the geophysical studies and geochemical analyzes 
conducted during the GTK’s project serve as background data and as a source material for 
this study, as well, and will be described in this thesis.  
 
 
1.2 Aims of the study 
 
This study focuses on the interpretation and usage of stable isotopes of oxygen (δ18O) and 
hydrogen (δ2H) in bedrock groundwater investigations. The purpose is to find hydraulic 
connections between surface water and groundwater, and to study the flow of the 
groundwater in the fracture zones. The results from the geochemical analyzes will be 
combined with the isotopic studies in order to gain more comprehensive picture of the 
groundwater conditions and hydraulic connections in the fracture zones. Also, the GTK’s 
results of the geophysical studies, such as fracture locations in Talvivaara, will be presented 
and utilized in the interpretations of this study. The main purpose is to determine how well 
the isotope studies support the conclusions made by the GTK in Pasanen et al. (2014), and 
whether they reveal new information about hydraulic connections in the bedrock fracture 
zones. In the beginning, however, fractures, their formation and hydraulic properties will be 
briefly reviewed. The review mostly concentrates on describing the fractures in general, but 
basic occurrence of fractures in Finland has also been overviewed. In addition to this, the 
geochemical characterization of groundwater, i.e. the usage of the distribution of chemical 
elements and stable isotopes, will be reviewed in the discussion of this study. 
 
 
2. ROCK FRACTURES AND FLUID FLOW 
 
Crystalline rocks that include plutonic igneous rocks and metamorphic rocks have very low 
primary porosity and permeability. For example, Airo and Säävuori (2013) write that the 
porosity is generally insignificant in the Precambrian crystalline rocks. Furthermore, 
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Kuusela-Lahtinen et al. (2003) estimate that mean hydraulic conductivity for a crystalline 
rock site in Romuvaara in eastern Finland in the uppermost 200 meters is about 10
-8
 m s
-1
. 
This site is in general characterized by a relatively low hydraulic conductivity, which is one 
of the reasons it has been studied as a possible site for the disposal of high level nuclear 
waste. In the same site, in the top 200 meters the hydraulic conductivity was about 10
-12
 m 
s
-1
 at lowest (Niemi et al. 1999). However, it is good to remember that there are no 
measurements from bedrock wells that have remained dry, i.e. the bedrock would be 
impermeable. In terms of groundwater, secondary porosity formed by weathering and 
fracturing plays an important role, and has received a lot of attention in the last few decades 
(Singhal and Gupta 2010). Fractures are discontinuities, or mechanical, brittle breaks in 
rocks, and are usually classified as faults or joints, or as combinations of those (e.g., Pollard 
and Segall 1987, National Research Council 1996, Peacock and Mann 2005, Singhal and 
Gupta 2010). Joints are dilating fractures where surfaces have moved away from each other 
perpendicularly (Singhal and Gupta 2010); that is, there has been no shear displacement 
(Pollard and Aydin 1988). In faults, fracture surfaces have moved predominantly parallel to 
each other due to shearing (Singhal and Gupta 2010). 
 
 
2.1 Formation of fractures 
 
In general, fractures can be visualized as two rough surfaces in close contact with various 
void sizes (Figure 1). In addition to simple faults and joints, combinations of these exist. 
These combinations have formed during complex deformation history, which yields 
overprinted discontinuities (Zhao and Johnson 1992). Fracturing often occurs along older 
dikes and other zones of weakness, or originally ductile or ductile-brittle shear structures 
that have been uplifted to depths where the deformation occurs in brittle mode (Leveinen 
2001). Fracture initiation and propagation are controlled by stresses becoming equal and 
exceeding the strength of the rock. Sources capable of producing stresses this high include 
lithostatic pressure, fluid pressure, tectonic forces, thermal, and impacts by extraterrestrial 
objects. However, formation of fractures generally requires heterogeneous stress, because 
regional stress fields are usually not sufficient to initiate them. In crystalline rocks this kind 
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stress heterogeneities can be caused, for example, by structural infirmities or mismatches 
between adjacent grains (National Research Council 1996). 
 
Once initiated, the fractures themselves are prominent in altering the stress field in the 
adjacent rock, which can be seen as large stress concentrations near the ends of the 
fractures (Pollard and Segall 1987, National Research Council 1996). The propagation of 
joints happens in their own plane perpendicular to the greatest tension, whereas in the 
propagation of faults their displacement, or slip, increases. Progressing displacement often 
deforms either the material between the sliding surfaces or the adjacent rock, which results 
in brecciated zones and gouge zones. These zones have important hydrological effect, as 
brecciated zones can have relatively high hydraulic conductivity, and gouge zones can be 
almost impermeable (National Research Council 1996). 
 
The formation of one fracture provides new stress concentrators promoting and initiating 
additional fractures, resulting in localized fracture sets seen as narrow bands. It is usually 
these narrow and long fracture zones that are interpreted from topography maps, digital 
Figure 1. Illustrations of fracture surfaces and their uneven internal geometry. Modified after Brown et al. 
(1986). 
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elevation models and airborne magnetic measurements as lineaments, and because of their 
great extent, hydraulic connectivity and conductivity they can be important for fluid flow. 
Fracture zones are, however, invariably heterogeneous, both by overall shape and 
thickness, but also by composition. Compositional variations include changes in host rock 
and in the material filling the fractures, and variation in shape can be seen, for example, in 
the geometry of the voids (Figure 1, National Research Council 1996). 
 
 
2.2 Hydraulic properties of fractures 
 
As a result from heterogeneity of the fractures and fracture zones, the hydraulic properties 
of a single fracture zone can vary significantly as a function of position. According to 
National Research Council (1996), the main factors affecting conductivity are the 
distribution of fractures, the geometry and density of the voids and fracture filling material. 
However, as Leveinen (2001) notes, in groundwater exploration studies the information on 
such factors is rarely available. Connected voids form a network through which a fluid can 
flow, and consequently, as a very simplified example the fractures can be describes as open 
or closed. Furthermore, in fracture surfaces mineral precipitation is common in the presence 
of a fluid (National Research Council 1996), and usual fracture filling materials are 
carbonate and clay minerals (Leveinen 2001). When mineralization is localized into 
clusters, it can create bridges keeping the fractures open, and a highly conductive pathway 
can be created. On the other hand, if mineralization proceeds and the fractures are infilled, 
they may become impermeable and are classified as closed (National Research Council 
1996). 
 
The openness of a fracture affects the velocity of a fluid flow, which in turn has an effect 
on solute transport and residence time. Void sizes and connectivity contribute to flow rate 
and the dispersion of solutes, but residence time is mostly influenced by the larger voids 
along the pathway (National Research Council 1996). According to Leveinen (2001), in 
hard rocks with insignificant primary porosity, only fracture zones with open and 
interconnected fracture networks can conduct water, and the driving force of flow in each 
fracture of a fracture network is the hydraulic gradient. 
10 
 
 
There are various factors that alter the hydraulic properties of fractures (Figure 2). 
Simplified, four different types of changes with their specific causes – excluding for 
example hydraulic fracturing and slow solid-state chemical reactions – can be found. 
Changes in pressure, fluid chemistry and temperature are particularly significant in altering 
the fracture properties (National Research Council 1996). Changing stresses deforming the 
rock mass can affect the void geometry and therefore the fractures’ ability to conduct 
fluids, whereas the distribution of solid materials in fractures through chemical reactions, 
such as precipitation and dissolution, can also change the hydraulic properties of fractures. 
Other factors are the changes in fluids within the fractures, which include fluid phase, 
composition and redistribution, and the addition of solid material into fractures (National 
Research Council 1996). 
 
Figure 2. Factors that cause changes in fracture systems and in their hydraulic properties. Modified and 
simplified from National Research Council (1996). 
The void sizes and geometry strongly depend on effective stresses acting normal to the 
fracture planes. Effective stress is the difference between total stress applied on the fracture 
surface and the pore water pressure acting against the external total stress. Fractures are 
closed and their conductivity reduced if effective normal stress increases, whereas a 
decrease in effective normal stress i.e., increase in pore water pressure opens the fractures 
and enhances the conductivity. Changes in shear stress do not have similar effects, unless 
Changes in fracture systems that 
change hydraulic properties 
Changes in effective stress 
causing restructuring of void 
geometry 
Opening/ 
closing of 
fractures due to 
pressure 
changes 
Changes in 
fluids within 
the fractures 
New 
fluids 
Change of 
phase 
Addition of 
solids within 
the fractures 
Grouting 
Changes in chemistry causing 
changes to fracture filling 
material 
Chemical 
mobilization of clays 
Dissolution/ 
precipitation 
11 
 
the fractures are displaced or failed. Alterations in pore water pressure in fractures can be 
caused for example by withdrawal or injection of water (National Research Council 1996). 
 
Introduction of fluids with distinctively different properties can have the ability to alter the 
flow patterns and hydraulic properties of fractures. A contaminant can mix to the existing 
water in fractures and change the chemistry and composition, or the contaminant can be 
immiscible, such as nonaqueous-phase liquid (NAPL), creating a multiphase system to the 
saturated zone in fractures (National Research Center 1996). In this kind of situation where 
more than one fluid is present in a fracture, the void spaces occupied by one phase are not 
available for flow by the other (Keller et al. 2000, Weerakone et al. 2011). The distribution 
of NAPLs may be very irregular in local scale (National Research Council 1996). Hardisty 
et al. (2003) note that light NAPLs behave differently in rock fractures than they do in 
porous media, and can penetrate deeper in vertical or subvertical fractures into the saturated 
zone than predicted by porous medium models. In addition, groundwater level fluctuations 
can cause significant migration of light NAPLs. Dense NAPLs generally behave based on 
gravity and overcoming capillary pressure, but they can be easily trapped in largest void 
spaces, and significantly reduce water flow in those fractures (Keller et al. 2000). Fluids 
can undergo phase changes as a consequence of changes in temperature and pressure in 
fracture systems. In general, pressure changes induce gas dissolution or formation from 
liquid phase and temperature changes induce vaporization or condensation (National 
Research Council 1996). 
 
In the presence of swelling clay minerals smectites and vermiculites (Meunier 2005), the 
open voids in fractures can be reduced in volume when exposed to water. Swelling of 
fracture filling clay minerals causes clogging which reduces the permeability of the 
fractures (National Research Council 1996). On the other hand, these clays can shrink if the 
interlayer cations (such as Na
+
, Ca
2+
 and Li
+
) that are accompanied by their hydration 
sphere are replaced with cations that readily lose their water molecule “shell” (such as K+, 
Rb
+
 and Cs
+
) (Meunier 2005). If a clay particle stuck in a constriction shrinks enough, it 
may become mobile (National Research Council 1996). Dissolution and precipitation are 
some of the complex coupled processes taking part in fracture systems (e.g., Tsang 1991). 
Dissolution, transportation of the solutes and precipitation in new locations is the basis of 
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the redistribution of solids in fractures. Usually permeability increases where dissolution 
occurs, and decreases where material is deposited. However, solubility and precipitation of 
a given mineral is a complex function of the composition of the aqueous phase, temperature 
and pressure (National Research Council 1996). In addition, the hydraulic conductivity and 
permeability of fractures can be reduced artificially. This process where solids are added to 
fill open voids in fractures is called grouting (National Research Council 1996, Fransson et 
al. 2007). 
 
 
2.3 Fractures in Finland 
 
The Finnish bedrock, almost entirely comprised of Precambrian igneous and metamorphic 
rocks, is overlain by Quaternary glacial sediments mostly consisting of tills and clays. Rock 
fracturing has a strong effect on the surface topography of the bedrock, and consequently, 
to the landscape and thickness and type of soil cover. The fracture zones can be traced as 
narrow and long soil-covered valleys, where the degree of fracturing is higher than in the 
outcropping areas. However, the fracture frequencies of different rocks in the soil-covered 
areas cannot be concluded from the nearby outcrops exhibiting the same rock (Niini 1968). 
 
Glacial abrasion in Finland has had a strong influence on the topographical features of the 
fracture zones seen as linear topographical depressions (Niini 1968, Tuominen et al. 1973). 
Tuominen et al. (1973) found eight main trends for lineament orientations in Finland, 
although apparent majority of these fracture lines have azimuthal range from 300 to 360 
degrees, which reflects the result of glacial scouring (Figure 3). The effect of glacial 
abrasion in these NW-SE oriented valleys was also recognized by Niini (1968). Niini 
(1968) concludes, on the other hand, that in Finland also SW-NE oriented fracture zones 
are rather common, and they are often characterized by relatively elevated southeastern 
side. They are also strongly fractured in comparison with the other fracture zones, but this 
could be partially explained by the eroding effect of the progressing continental ice that 
could had eroded the most fractured uppermost parts of the NW-SE fracture zones. 
Therefore, before the previous glaciation the NW-SE valleys would have had slightly more 
fractured surface than nowadays. 
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In terms of fracturing and groundwater flow, the mineral composition of both the 
surrounding rock and the secondary fracture filling material are of great significance. Niini 
(1968) found out that rocks containing high amount of flexible biotite and tenacious 
hornblende were least fractured, whereas the most fractured rocks contain an abundance of 
brittle minerals quartz and feldspar. Leveinen (2001) writes that hydrothermal aqueous 
solutions and groundwater flow in fractures may have led to the growth of fracture minerals 
and weathering to clay, which in turn may have reduced the hydraulic conductivity during 
the eons of geological history of Finnish bedrock. 
 
Figure 3. Lineament interpretations from topographic maps and satellite imageries at 1:1 million scale. From 
Atlas of Finland (1992). 
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In general, the Finnish bedrock has a very complex deformation history and the stresses 
that have contributed to the fracture zones encompass post-glacial and tectonic tensional 
and compressional stresses with local variations due to geology (Tuominen et al. 1973). 
The existence of old fractures in the Finnish bedrock forms a mechanism by which the 
stresses are rather slowly released without severe earthquakes (Vuorela and Niini 1982). 
Niini (1968) presents the cross-sectional structure of the fracture zones as follows: In the 
more strongly fractured SW-NE valleys the most fractured zone with fracture frequency in 
drill cores exceeding 50 per meter is found in the bottom of the valleys as some tens of 
meters wide, altering into slightly less fractured bedrock with fracture frequency 15-50 per 
meter within about 100 meters from the bottom of the valley. The fracture frequency of this 
less fractured zone has, however, been found to decrease downwards, so it is broad only in 
the surficial 10-20 meters of the bedrock. In others than SW-NE oriented valleys the most 
intensively fractured zone is narrower, and together with the less fractured zone (15-50/m) 
it reaches only about 40 meters wide section. Independent of the orientation of the fracture 
valley, an increase in the fracture frequency from intact bedrock (0-5/m) to slightly 
fractured (5-15/m) can be seen, in some cases, already approximately 100 meters before the 
bottom of the valley. In addition, the fracture zones are commonly steeply dipping or 
vertical structures. 
 
 
2.4 Geophysical characterization of fractures 
 
There are various methods to characterize fractures geophysically, but in this work only 
some are described. The division of the geophysical methods into categories can be done 
for example by scale (National Research Council 1996, Lipponen 2006). These categories 
are (1) small scale methods that are associated with surface or aerial soundings, (2) 
intermediate scale methods such as surface-to-borehole and borehole-to-borehole 
soundings, and (3) large scale measurements made on rocks immediately adjacent to a 
borehole. The detection and characterization of fractures can also be categorized based on 
the process of the method itself: (1) topographical method with spatial analysis utilizes 
various GIS data, for example lineament study, (2) structural methods give information 
about the structural properties and their changes in the rocks, (3) groundwater flow 
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monitoring tells about the rock’s ability to conduct water, (4) geophysical methods that can 
be divided into above ground and borehole measurements demonstrate the rock’s inner 
properties, and (5) borehole video surveying visualizes the borehole surface properties 
(Lipponen 2006). 
 
Although geophysical methods are limited in the sense of not directly revealing the 
hydraulic properties of the subsurface (Paillet and Reese 2000), they are cheaper compared 
to drilling costs by providing much higher amount of information than can be extracted 
from core samples, and they can produce continuous profiles. The information acquired by 
geophysical methods also covers larger area than drill core analysis. In addition to this, 
without previous studies it is difficult to obtain representative samples by drilling (e.g., 
National Research Council 1996, Lipponen 2006), which is the reason why geophysical 
studies usually precede them. Drill cores are then taken to get more detailed information 
from interesting and possibly representative locations. 
 
Geophysical methods used to detect and characterize fractures rely on the fact that fractures 
are intrinsically two-dimensional anomalies. If fractures are not aligned with some other 
fabric in the rock mass, for example bedding, they usually induce anisotropy in the physical 
properties of the rock mass (National Research Council 1996), and this anisotropy is the 
basis of the geophysical characterization of fractures. Estimation of the bedrock fracturing 
and the continuity of the main fracture zones can be done by mapping linear features from 
different relief maps made from digital elevation models. This method is referred as 
lineament study. Sometimes the lineament study is associated with the interpretation of the 
aeromagnetic data. The interpretation is based on the observation that the fracturing altered 
magnetic minerals and lowered the local magnetic signature (Airo and Wennerström 2010). 
However, not every lineament is associated with high fracture density and thus also high 
hydraulic conductivity, and the absence of a lineament does not guarantee unfractured 
bedrock (Frohlich et al. 1996). Therefore, more defined interpretation of the fracture zones 
requires geophysical studies. One common such a method is a seismic survey, in which the 
fractures are characterized based on a reduction in seismic velocity and an increase in 
attenuation (Young et al. 1985, National Research Council 1996). Also thicker overburden 
and lower bedrock top level may indicate fracture zones. Another suitable method is 
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electrical resistivity tomography (ERT) which is particularly interesting when studying 
bedrock groundwater. There is a contrast between the electrical resistivity of intact, dry 
bedrock and fractured, water-bearing bedrock. As, for example, the study by Frohlich et al. 
(1996) demonstrates, low bedrock resistivity correlates with high hydraulic conductivity, 
and on the other hand, high resistivity tends to indicate intact bedrock. 
 
 
2.5 Geochemical characterization of groundwater in fractures 
 
In geochemical characterization of groundwater both naturally occurring and artificially 
introduced elements and substances can be used. The studies may, for example, concentrate 
on the distribution and occurrence of these substances, or to the differences in 
concentration. The composition of bedrock groundwater is controlled, e.g., by the type of 
the rock material, the nature of the fracture filling materials, hydraulic conductivity and 
connectivity of the fractures, and the geochemical and hydraulic properties of the 
overburden (Karro and Lahermo 1999). The isotopic composition of oxygen and hydrogen 
in groundwater usually follows the mean weighted annual composition of precipitation, but 
can be altered by various factors. Owing to the predictable relationship between these stable 
isotopes, they are widely used as natural tracers in groundwater studies (e.g. Clark and Fritz 
1997, Kloppmann et al. 2002, Kortelainen 2007). 
 
Hydrochemical fingerprint derived from the bedrock is a useful tool in characterizing 
bedrock groundwater. The effect of the mineral composition of the bedrock on groundwater 
can be commonly seen in the chemical concentrations: sulfide-rich and metalliferous black 
shales, like in Talvivaara, could enrich the groundwater with heavy metals and sulfide 
(Loukola-Ruskeeniemi et al. 1998), whereas bedrock mainly composed of granite gneisses 
and granitoids, like the large Archaean basement area in eastern Finland, usually shows low 
concentrations of electrolytes and dissolved components in groundwater (Lahermo et al. 
1990). However, the lithological context is not always so prominent which may be the 
result of anthropogenic contamination (Lahermo et al. 1990, Choi et al. 2014). The quantity 
of total dissolved solids (TDS) could also explain, for example, the age of the groundwater 
(Halonen et al. 1990, Choi et al. 2014). In addition to salinity, the groundwater is 
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commonly characterized with the distribution of major ions, such as Na, Ca, Mg, K, Cl, 
HCO3 and SO4 (e.g., Blomqvist et al. 1987, Gimeno and Peña 1999). These major ions 
indicate the type of the water. 
 
The isotopic compositions are presented as δ values, which express the isotope ratios as 
deviations in per mil (‰) from a standard, such that 
 
 δSAMPLE = (RSAMPLE RSTANDARD − 1⁄ ) × 1000 , (1) 
 
where R is 
18
O/
16
O or 
2
H/
1H, and δ is δ18O or δ2H. A positive δ value signifies that the 
sample has more of the heavier isotope, such as 
18
O or 
2
H, than the reference, i.e. it is 
enriched. On the other hand, negative δ value means that the sample is depleted from the 
reference (Clark and Fritz 1997). 
 
Isotope abundance of light elements, such as hydrogen and oxygen in the environment, is 
not constant. Instead, it is in a continuous state of flux due to mass discrimination effects 
caused mostly by chemical and physical processes. In molecules, heavier isotopes have 
higher bond strengths than light ones, and thus the bond between heavy isotopes is broken 
at a slower rate. The different combinations of the isotopes of oxygen (
16
O and 
18
O) and 
hydrogen (
1
H and 
2
H) produce water molecules with different masses and different reaction 
times. The variations in the isotopic compositions lead to isotope fractionation between two 
phases of the same substance or two substances. The main fractionation processes are 
equilibrium and non-equilibrium (i.e. kinetic) fractionation. In equilibrium fractionation 
there is no net reaction, and the ratio of the isotope ratios between the reactant and the 
product can be expressed with fractionation factor. The fractionation factor is most 
importantly dependent on temperature. On the other hand, in kinetic fractionation 
equilibrium is not attained, and the process is unidirectional. For example, evaporation and 
diffusion are kinetic process (e.g. Clark and Fritz 1997, Hoefs 1997). 
 
Kinetic processes are most importantly affected by humidity. During evaporation both 
18
O 
and 
2
H are progressively enriched in water, but it is humidity that controls the degree of 
enrichment. Isotope data from precipitation fall on a meteoric water line, whereas surface 
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waters affected by evaporation deviate from the meteoric water line along a line with a 
lower slope. The slope of this so called evaporation line mostly depends on the relative 
humidity (e.g. Gat 1971, Clark and Fritz 1997, Hoefs 1997). Owing to the mass 
discrimination effects, the use of the δ18O and δ2H in groundwater studies has many 
applications. For example, temperature has been proven to have an effect on the variations 
of δ18O (Fröhlich et al. 2002) and the isotopic composition of precipitation (Dansgaard 
1964). The isotopic composition of precipitation can also be affected by the amount of 
rainfall (Dansgaard 1964, Yin et al. 2011). In Finland, for instance, the isotopic 
composition of precipitation is imprinted by both seasonal and regional effects (Kortelainen 
and Karhu 2004, Kortelainen 2007). In addition, the isotopic composition can be used to 
trace very saline groundwaters that deviate to the left from the GMWL with increasing 
depth and salinity (e.g. Blomqvist et al. 1987, Kloppmann et al. 2002, Kietäväinen et al. 
2013). In many parts of the Precambrian crystalline bedrock in Finland the saline water 
layers were encountered from 200 m downwards, and very saline waters at a depth of 
250 m. The depths, however, are spatially variable, depending, for example, on the distance 
from the sea (Blomqvist et al. 1987). 
 
The isotopic shift from the meteoric water line is commonly denoted as d-excess. As 
written by, for example, Dansgaard (1964) and Gat (1971), it is a powerful tool to indicate 
and recognize groundwater subjected to partially evaporated surface water. The d-value is 
not changed between phase changes in equilibrium processes, in other words, the isotopic 
composition moves along the meteoric water line. Thus, the d-value of precipitation reflects 
the non-equilibrium evaporation process in the source of the vapour, because condensation 
is thought to be an equilibrium process (Dansgaard 1964). However, secondary evolution 
of the vapour for example through mixing with other air masses or evaporation of the 
falling raindrops usually alters the initial d-excess, and also δ18O and δ2H composition 
(Dansgaard 1964, Clark and Fritz 1997). In general, evaporation decreases the d-excess of 
the remaining water mass (e.g. Gat 1971, Fröhlich at al. 2002). 
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3. STUDY AREA 
 
The Talvivaara mine is located in the Sotkamo municipality in Northeastern Finland, where 
the Talvivaara Mining Company Plc has two polymetallic orebodies: Kuusilampi and 
Kolmisoppi, from which only the former is being extracted. The location of the study area 
(approximately 28°0ʹ0ʺ E and 63°58ʹ0ʺ N) is shown in Figure 4. The main interest of this 
study is focused south and south-east from the gypsum ponds to the Kortelampi dam, to the 
area bordered by the primary heaps in east. In topographic maps this area is marked as 
mainly swamp, but since the leakage in the gypsum ponds, high quantities of water have 
been dammed to the area. In addition, the mining district is located on a watershed. 
Moreover, the water divider passes beneath the gypsum ponds (Kauppi et al. 2013). The 
southern catchment belongs to the Vuoksi drainage system and the northern catchment 
belongs to the Oulujoki drainage system. 
 
 
3.1 Exploration and mining 
 
The metal production in Talvivaara is focused on nickel with its by-products zinc, copper 
and cobalt. The existence of the deposits was confirmed already during 1977-1983 by the 
GTK, but the commercial production commenced in 2008. The technology used to extract 
metals is bioheapleaching which is based on naturally occurring bacteria leaching metals 
from fine crushed ore. The process requires air and water, and it is also accelerated in order 
to enhance and speed up the recovery of the metals (Riekkola-Vanhanen 2013). 
 
The leaching solution used to irrigate the heaps is a mixture of the process solution and 
sulfuric acid (H2SO4), where the acid is used to adjust the pH of the solution to 1.7-2.0. In 
order to ensure proper leaching of metals, the solute must be acidic enough, but not lower 
than pH 1.5 to prevent the formation of unwanted impurities such as silicate precipitates. 
Part of the pregnant leaching solute (PLS) that has been collected from the heaps is lead to 
metals recovery, where gaseous hydrogen sulfide (H2S) is added to the solute to precipitate 
metals as sulfides. The solid waste products from this process ending up to the gypsum 
pond are formed in (1) iron removal as goethite and/or hydroxide, and (2) final 
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Figure 4. The location of the study area. The area bordered with red box in a) is enlarged in b), and the red box 
in b) is enlarged in c). Primary and secondary heaps, factory area, gypsum ponds, and Kortelampi dam are 
pointed in c), and the study is focused to the area between gypsum ponds, primary heap and Kortelampi dam. 
The gypsum pond section 1 is the northeasternmost pond. DEM based on the Airborne Laser Scanning Data is 
in the background of the map c), © National Land Survey. 
21 
 
precipitation, which contains remaining gypsum and iron (Riekkola-Vanhanen 2013), and 
residual metals such as manganese, nickel, zinc, sodium and copper (Kauppi et al. 2013). 
 
In November 2012 a leakage of acidic, metal-containing waste waters occurred in the 
gypsum pond section 1 (Figure 4). The total amount of leaked waste water reached about 
1.2 Mm
3
, while the discharge into water systems outside the mine site was estimated to be 
approximately 236 000 m
3
. Before the leakage during 2012, a decision was made to pump 
part of the excess water into the open pit, because there was not enough capacity in the 
gypsum pond. Later in that year, approximately 1 Mm
3
 of raffinate from the metals 
recovery plant was pumped into the gypsum pond. This further deteriorated the water 
quality, as iron, manganese and aluminium concentrations, for example, were higher in the 
raffinate than usually in the gypsum pond (PSAVI 2013). 
 
In an unpublished report made by VTT Technical Research Centre of Finland (VTT) and 
summarized by Talvivaara Mining Company in their Stock Exchange Release (Talvivaara 
2013) it is emphasized that in the HDPE membrane used as an insulating structure in the 
gypsum pond always occurs small leakages. In the gypsum pond section 1, where the 
leakage happened in November 2012, the protective structure consists of minimum 100 mm 
sand layer under the 1.5 mm HDPE membrane. This differs from other sections, where 
there is also bentonite liner beneath the membrane (PSAVI 2013). This structure was 
accepted, because the presumption was that the pond would primarily be storage for 
relatively solid gypsum waste, and the protective structure would not be exposed to high 
hydrostatic pressure. 
 
 
3.2 Geologic setting 
 
The bedrock in the study area is mainly composed of 2.7 Ga Archean rocks. The Archean 
rocks are mostly tonalitic - throndjemitic gneiss or migmatite with granitic bands or 
granitization, and biotite- and hornblende-rich bands and schlierens. There are also some 
metadiabase dykes in the northeast of the study area. Furthermore, the area is bordered by 
Paleoproterozoic rocks in east, consisting mostly of mica schists, black shales and quarzites 
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(Kontinen 2005, Figure 5). The study area is completely underlain by the Archean rocks, 
but the Talvivaara ore deposit is situated in the Early Proterozoic Kainuu schist belt, which 
consists mostly of metasediments (Loukola-Ruskeeniemi and Heino 1996). The deposit is 
hosted by metamorphosed black shales, with the assemblage of pyrrhotite, pyrite, 
sphalerite, chalcopyrite, pentlandite and alabandite sulfide minerals (Loukola-Ruskeeniemi 
and Heino 1996, Kontinen 2012). 
 
The research area was revealed from continental glacier about 10 000 years ago 
(Saarelainen and Vanne 1997). It was located very close to a local ice lake, Sotkamo Ice 
Lake, but based on the study by Åberg (2013), it was not covered by this periglacial lake. 
The ice flow in the area has principally been from west-northwest to east-southeast, and the 
Figure 5. Bedrock of the study area (Bedrock of Finland – DigiKP 1:50 000). The locations of the central 
places together with the sampling points in the study area are marked in the map. DEM based on the Airborne 
Laser Scanning Data is in the background of the map, © National Land Survey. 
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general topographical features correspond with the direction of the ice flow (Saarelainen 
and Vanne 1997, Mäkelä et al. 2012). However, although the bedrock is mostly covered by 
glacigenic, supra-aquatic till deposits in the research area, Saarelainen and Vanne (1997) 
note that the topographical changes in the bedrock dominate the general features of the 
terrain. In the environmental impact assessment for the Talvivaara mining project (Lapin 
Vesitutkimus Oy 2005) it was found out that the maximum thickness of the sediments in 
constructed areas was 5.2 meters. There are also some bedrock outcrops in the southern and 
northern parts of the study area (Kontinen 2005). In whole, the area is dominated by two 
different types of sediments: in higher terrain the prevalent deposit is till, whereas in low-
laying swamp areas it is peat underlain by till. There are also some discrete mounds formed 
by ablation moraine in flat terrain (Mäkelä et al. 2012, Figure 6). 
 
Figure 6. Quaternary deposit map of the study area (Surficial deposit map of Finland 1:200000). Water bodies 
are marked with light blue, and in addition, the locations of the central places together with the sampling point 
are marked in the map. DEM based on the Airborne Laser Scanning Data is in the background of the map, © 
National Land Survey. 
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There are several studies about the geochemistry of the stream sediments and water in the 
region, for example Loukola-Ruskeeniemi et al. (1998) and Gustavsson et al. (2011). The 
main conclusion of these studies is that there is a distinct and systematic difference between 
the geochemistry of Talvivaara black shale area and the surrounding granite gneiss, 
quartzite and mica schist areas. The concentrations of Ni, Co, Cu, Zn, Pb, Cd and Fe have 
been found to be much higher in the black shale area. 
 
 
4. MATERIALS 
 
The results obtained in the GTK’s project (Forss et al. 2013, Eskelinen et al. 2013, Pasanen 
et al. 2014) are utilized as material data in this study. They can offer supportive or 
explanatory information in the interpretation of the isotope results, and lead to more refined 
understanding. The results combined with the isotope results of this study include, for 
example, the interpretations of the soil thickness, location of fracture zones and their 
hydraulic conductivities, and the geochemical composition of the groundwater. These 
results have been presented together with the other results of this study. 
 
There have been various geophysical and geochemical studies made in the research area 
during the GTK’s project and this study, but some geophysical data (aeroelectric, 
aeromagnetic and gammaradiometric) has been obtained from earlier national surveys. 
However, there were no previous comprehensive studies about the fracture locations and 
properties in the study site, so the geophysical characterization of fractures was started with 
the lineament study. This gave the initial setting for the more detailed geophysical studies 
that were then, for example, analyzed to locate the most representative sites to drill new 
bedrock wells to the main fracture zones for geochemical sampling. Most of the 
geophysical studies in the study area were carried out during spring and summer 2013, and 
water sampling was conducted in October 2013.  The geochemistry of the water was 
studied with field measurements and laboratory analyzes that included the isotope samples 
for oxygen and hydrogen. The analyzed water samples taken from the wells helped to 
estimate the possible effects of the leakage in the gypsum pond on groundwater and the 
spreading of the leaked waters. 
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Based on the geophysical studies, 8 new bedrock wells and 5 new shallow groundwater 
observation wells in sediment were installed and included to be sampled among other 
suitable wells already existing in the area. In total there were 29 sampling sites, from which 
15 were bedrock wells, 7 shallow wells, 6 surface water sites, and one spring (dug well). 
Altogether, 39 samples were taken for oxygen and hydrogen isotope analyzes. 
 
The locations for the new bedrock wells were decided based on the combination of the 
geophysical studies. Principally the low resistivity anomalies found in ERT survey were the 
most important (Figure 7), but other geophysical studies were mainly found to support 
these anomalies. The goal was to locate the new bedrock wells so that they would penetrate 
those fractures most favorable for water flow, and comprehensively cover the possible 
groundwater flow pathways connected to the gypsum pond. Excluding the soil penetrating 
part to which a 68 mm diameter iron pipe was installed, the bedrock wells were left open 
without casing. The depths of these wells were approximately 100 m, excluding well FID25 
that was 87 m deep (Eskelinen et al. 2013). The results from the GPR survey together with 
other geophysical results were used to decide the locations of five new shallow 
groundwater observation wells. However, one of these shallow wells, R4, was not sampled 
because of low water level (Eskelinen et al. 2013). From the wells already existing in the 
Figure 7. ERT profile 2, from the southern side of the Kortelampi dam (Figure 9). High electrical resistivity, or 
low electrical conductivity, indicates dry and intact bedrock, whereas low electrical resistivity could be an 
indication of water bearing fractures. Processing and interpretation by Taija Huotari-Halkosaari, GTK, 2013. 
From Forss et al. (2013). 
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area, the ones that were under regular monitoring were also chosen for sampling in this 
study. The surface water sampling sites were chosen so that the gypsum pond water, the 
surface water flowing from the gypsum ponds, the dammed water, and the water stored in 
the open pit would be represented. All the sampling sites are presented in Figure 8. 
 
The sampling depth in the new bedrock wells was decided based on drill core logs so that 
the highest priority was given for mostly unweathered or slightly weathered open joints 
(RiIII in RG-classification for broken rock mass (Gardemeister et al. 1976)). Due to poor 
drill core information, it was not possible to decide the sampling depth for those wells 
already being monitored by Talvivaara as precisely as for the new bedrock wells. From 
those wells and the new shallow wells a bulk sample from various depths or on a case-by-
case basis from one specific depth was taken (Table 1). All the shallow wells were pumped 
for several minutes before sampling, in order to obtain fresh sample. 
 
Water samples from bedrock wells and bored wells were lifted with a bailer, having a 
volume of 1 liter, and poured into 1 liter plastic bottles before distributed into different 
bottles required by different analyzes. Surface water samples were taken straight to 1 liter 
plastic bottles. In total there were 42 samples, from which two were field duplicates and 
one was blank for quality control purposes. Samples for isotope analyzes were poured into 
50 ml HDPE bottles without filtering, sealed air-tight, and stored in cold. In the laboratory 
the isotope samples were filtered prior to the analyzes. 
 
Some of the geochemical analyzes required filtered samples, so the water was filtered with 
manual vacuum pump through 0.2 µm filter. In addition, some of the samples were 
preserved with acid (Eskelinen et al. 2013, Pasanen et al. 2014). Every sample was also 
measured with YSI Professional Plus meter in the field. The measurements included pH, 
temperature, redox (ORP; mV), electrical conductivity (SPC and C; µS cm
-1
) and dissolved 
oxygen (DO% and DO mg l
-1
). Alkalinity was measured with HACH titrator. Furthermore, 
the YSI meter was used in wells FID3 and FID29 to measure the physical properties above 
and below a chosen fracture. 
  
2
7
 
Figure 8. Sample sites in the study area in Talvivaara. Bedrock groundwater sample sites are marked with red circles, sites for shallow groundwater with blue, and 
sites for surface water with green circles. Fracture zones interpreted from lineaments and marked with grey lines are presented in Pasanen et al. (2014). DEM 
based on the Airborne Laser Scanning Data is in the background of the map, © National Land Survey. The distance from the study site to the two sample sites 
near lake Kolmisoppi (smaller map in the top right corner) is approximately 7.5 km to the northeast. The distance between those two sample sites is about 2.7 km. 
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Table 1. Sample sites according to their location or well ID, sampling depth from the top of the casing, and 
description of the sampling site. All wells with the ID including FID and R were installed in 2013, other wells 
already existed in the area and were under Talvivaara’s monitoring. 
Sample site Sampling depth (m) Description 
Gypsum pond, section 2 Below surface Surface water 
Haukilampi Below surface Dammed water 
Kortelampi Below surface Dammed water 
Majavanpato Below surface Dammed water 
Quarry Below surface Surface water 
Valkealampi Below surface Lake 
Korte1MAA 4-5 Bored well 
Korte2MAA 7.5-8.5 Bored well 
Korte3MAA 2-3 Bored well 
Pappilan hetekaivo 1.5-2.5 Spring/dug well 
R0 Bulk sample Bored well 
R2 4-5 Bored well 
R3 3.5-4.5 Bored well 
R5 5-6 Bored well 
DDKS-002 20.2-21.2 Bedrock well 
DDKS-002 83-84 Bedrock well 
DDKS-043 15 (with a pump) Bedrock well 
FID 0 36.5-37.5 Bedrock well 
FID 0 57.5-58.5 Bedrock well 
FID 0 73.2-74.2 Bedrock well 
FID 3 31.3-32.3 Bedrock well 
FID 3 55.4-56.4 Bedrock well 
FID 4 Bulk (17-18, 20-21, 96-97) Bedrock well 
FID 5 59-60 Bedrock well 
FID 5 63-64 Bedrock well 
FID 5 89.5-90.5 Bedrock well 
FID 25 8.3-9.3 Bedrock well 
FID 25 21-22 Bedrock well 
FID 27 17.1-18.1 Bedrock well 
FID 27 33.3-34.3 Bedrock well 
FID 28 13.5-14.5 Bedrock well 
FID 28 23.7-24.7 Bedrock well 
FID 28 82-83 Bedrock well 
FID 29 17-18 Bedrock well 
Korte1KA 13 (with a pump) Bedrock well 
Korte3KA 17 (with a pump) Bedrock well 
P1 15 (with a pump) Bedrock well 
P4 Faucet (raw water) Bedrock well 
P7 10 (with a pump) Bedrock well 
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5. METHODS 
 
 
5.1 Geophysical methods 
 
The geophysical methods used were gravimetric, magnetic and refraction seismic surveys, 
and electrical resistivity tomography (ERT) and ground penetrating radar (GPR) surveying 
(Figure 9). With these methods it was possible to locate the fracture zones in the bedrock, 
roughly evaluate their course, continuation and water content, and estimate the thickness of 
the overburden. 
 
For preliminary understanding of the study area, the data from low-altitude airborne survey 
was used for lineament study and estimation of the thickness of the soil. The airborne 
measurements in the area were done in 1977, so they were suitable for rough estimation of 
the situation before the mining activities. In 2013, the geophysical studies were started with 
gravimetric and magnetic surveys (Forss et al. 2013). Gravimetric measurements are 
suitable for acquiring data about the variations of the thickness of the overburden. The 
method is based on the difference in density between unconsolidated soil and bedrock, 
which is approximately 1000 kg m
-3
 or even more (Soveri et al. 1972, Korhonen et al. 
1992, Airo and Säävuori 2013). The bedrock density is also reduced in strongly fractured 
zones (Elo 1997). In total there were 10.49 km of data from 5 lines, and the measurements 
were done with Scintrex CG3 gravimeter (Forss et al. 2013). The magnetic survey in 
fracture zone studies is limited to those zones that are correlated with changes in magnetic 
properties either within the fracture zone or by the surrounding rocks. In Talvivaara the 
magnetic measurements were done with Gem System GSM-19 Overhauser magnetometer 
along the same lines as the gravimetric measurements (Forss et al. 2013). 
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The locations of the refraction seismic survey lines were decided based on the findings 
from gravimetric measurements. There were 4 lines with total length of 2.1 km, and the 
seismograph used was Geometrics Strata Visor with P-wave geophones (Forss et al. 2013). 
In refraction seismic method the travel time of the refracted wave is observed. An optimal 
refracting interface is roughly planar or horizontal, where velocity of the P-wave increases 
Figure 9. Locations of the geophysical survey lines. Base map © HALTIK. There is a DEM based on the 
Airborne Laser Scanning Data in the background of the map, © National Land Survey. 
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significantly, with the velocity being higher in the media below. This method enables the 
estimation of the soil type and its thickness, the level of groundwater, and the properties of 
the bedrock by calculating the transit time and the speed of the seismic P-waves in different 
media (Fitts 2002). 
 
The device used in electrical resistivity tomography (ERT) was ABEM Terrameter 
SAS4000 with LUND Imaging System. The resistivity was measured along 5 lines, and 5 
meter electrode spacing was used in each of them. The total length of the lines was 3435 m. 
For obtaining the resistivity profiles a combination of pole-dipole and the Schlumberger 
array was used (Forss et al. 2013). When electricity is conducted through the rock matrix 
and the fluid in the pores of the rock, it is affected by rock matrix minerals, pore fluid, 
porosity, salinity, pressure, temperature, cation exchange capacity, and surface conductance 
(Moskowitz 1977, according to Andrews 1983). The ERT surveys are common in mapping 
fracture zones in bedrock (e.g., Barker et al. 1992, Carruthers and Smith 1992, Nascimento 
da Silva et al. 2004), mostly because the contrast between the resistivity values of dry rock 
and water-bearing fractures is so drastic: the resistivity of a dry rock is very high, whereas 
for saline fluid it is several orders of magnitude smaller (Andrews 1983). However, the 
ERT survey would not have been suitable for groundwater studies in the black schist area 
of Talvivaara, as the Ni-rich black schists have very low electrical resistivity (Loukola-
Ruskeeniemi and Heino 1996). 
 
Ground penetrating radar (GPR) can be used to examine the structures of soil and bedrock, 
and the depth of bedrock and groundwater surfaces. This method is based on the reflection 
of electromagnetic waves from electrical interfaces where the dielectric properties of the 
medium change. An interface with such reflecting properties is for example water table 
(Fitts 2002).  The amplitude and the transit time of the refracted pulse are measured to 
analyse the different properties of the subsurface. In Talvivaara the GPR survey was 
conducted with Ramac ProEx equipment using unprotected Rough Terrain Antenna. The 
centre frequencies used were 25 and 100 MHz. and the survey consisted of 9 lines with 
total length of 18.6 km. The interpretations of the survey lines were done with GeoDoctor 
software (Forss et al. 2013). 
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5.2 Geochemical studies 
 
5.2.1 Geochemical analyzes 
 
The samples were analyzed in Labtium Oy laboratory in Espoo. The parameters analyzed in 
the laboratory included dissolved and total concentration of elements with ICP-OES/ICP-
MS, ferrous iron (Fe
2+
) with spectrophotometric analyze, total organic carbon (TOC) and 
dissolved organic carbon (DOC) with CHN analyzer, anions (SO4ˉ, Clˉ, Fˉ, Brˉ and NO3ˉ) 
with IC analyzer, solids content, alkalinity and phosphate-phosphorus (PO4-P) (Pasanen et 
al. 2014). 
 
5.2.2 Isotope analyzes 
 
The analyzes of the isotope ratios of 
18
O/
16
O and 
2
H/
1
H from all samples were conducted in 
GTK’s laboratory in Espoo with Picarro L2120-i high precision isotopic water analyzer 
between October 2013 and January 2014. Seven samples were also sent to a German 
laboratory, Hydroisotop GmbH, where they were pretreated because of their very low pH 
(<3.5) or high dissolved organic carbon (DOC >10 mg l
-1
) (Table 2). The analyzing method 
of the devices both in GTK and in Germany is based on cavity ring-down spectroscopy 
(CRDS), where a sample is evaporated at high temperature and the resulting vapor is sent 
to the analyzer. The cavity where the sample is sent has three mirrors that reflect the beam 
of a single-frequency laser diode. When the laser is turned on, the cavity fills with 
circulating laser light, and a small amount of light leaking through one of the mirrors is 
sensed with photodetector. The strength of this signal is directly proportional to the 
intensity of the laser light in the cavity. However, the intensity of the laser light can be 
reduced by different gaseous species. So when the continuous wave laser is abruptly turned 
off, the gaseous species continues absorbing the light, and the ring down time of the laser 
decreases compared to the situation without any absorbing gas (Figure 10) (Picarro 2014). 
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Table 2. pH and DOC of the samples that were sent to German Hydroisotop laboratory for isotope analyzes. 
Sample site pH (YSI) DOC (mg l
-1
) 
R0 6.41 11 
R2 4.75 19 
R3 5.0 70 
R5 5.87 11 
Quarry 3.23 0.9 
Gypsum pond, section 2 2.55 1.0 
Kortelampi 2.96 2.0 
 
 
The concentrations of the different isotopes of oxygen and hydrogen in the water molecules 
of the sampled water are presented as δ values. The value indicates the deviation of the 
isotope ratio from the international VSMOW (Vienna Standard Mean Ocean Water) 
standard in per mil (‰). The analytical uncertainty (1σ) for oxygen is <0.1‰ and for 
hydrogen <0.3‰. 
 
Figure 10. The basic function of the CRDS method. The intensity of the laser light is reduced by absorbing gas 
after the laser is turned off. The duration of the ring down phase is dependent on the gaseous species and its 
concentration. From Picarro (2014). 
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5.3 Slug tests 
 
After sampling, slug tests were conducted in four wells: FID3, FID27, FID28 and FID29. 
Slug tests are relatively rapid hydraulic tests that are used to estimate the local scale 
hydraulic conductivity (K value). In these tests, water in the well is displaced to see how it 
recovers to the initial, static conditions in response to the sudden change in head. The 
displacement can be caused in several different ways, for example, by rapidly displacing 
the water with a solid object, by removing or adding it, or by pumping a known volume of 
water (Butler 1998). The change and recovery of the water level is followed with 
programmable pressure transducer that measures hydrostatic pressure, i.e. the thickness of 
the water body above the transducer. In Talvivaara, the measurements were done with 
Solinst Levelogger Gold pressure transducer, which was programmed with portable Solinst 
Leveloader Gold device to take a measure in every second. In wells FID3, FID27 and 
FID29 an addition of 10 liters of tap water was poured as fast as possible to the wells and 
the measurements were continued until the head had returned to or close to the initial value. 
This was observed with a water level indicator. Well FID28 was artesian, so the 
groundwater was overflowing from the well. Here, the water was displaced by rapidly 
removing it with the 1 liter bailer, this was repeated four times. The results from the slug 
tests were later analyzed with Levelogger 4.0.3 program. The program was used to 
calculate the K values with the Hvorslev (1951) method. 
 
 
6. RESULTS 
 
 
6.1 Soil type, thickness and groundwater flow 
 
The results of the soil type, sediment thickness and flow of the shallow groundwater 
presented here are summarized from Eskelinen et al. 2013 and Pasanen et al. (2014). The 
type and the thickness of the sediments have very significant effect on the recharge of 
shallow groundwater and eventually also to the recharge of the bedrock groundwater. In 
Talvivaara, the overburden was found to be mostly thin, but above bedrock fracture zones it 
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could be even 20 meters thick. The soil is mostly till, but in low-laying areas it is usually 
covered by peat. Sand was observed only as small deposits, but it was not interpreted to 
have a major impact on the flow of the shallow groundwater. 
 
The results from the low-altitude airborne survey show that the overburden is thickest in 
the southern and southeastern side of the gypsum ponds from Torvelansuo to Kortelampi 
dam. The drillings revealed that the thickness was approximately 10 meters there, although 
in FID3 the overburden was 22 meters thick. Based on other geophysical measurements 
there are also indications that the overburden is thicker in the northwestern side of the 
gypsum ponds and in the southeastern corner of the gypsum pond section 1. For example, 
in R0 the thickness was found to be a few more than 10 meters. In addition, in the southern 
side of the Kortelampi dam the soil cover is about 10 meters thick, and in FID4 and FID29 
the bedrock surface was observed in about 15 meters. However, there are also bedrock 
outcrops, and in general, the thickness of the overburden is couple meters. 
 
The flow direction of the shallow groundwater was interpreted based on the topography in 
natural state, so it does not take into account the changes caused by the construction of the 
mine infrastructure and the water dammed in the area. The flow direction is towards 
southeast in the southern side of the gypsum ponds, and the direction probably turns 
towards southwest near the Kortelampi dam. It was not possible to properly estimate the 
flow direction in the northern side of the gypsum ponds because only one shallow 
groundwater observation well was installed there. Instead, the estimation was based on 
digital elevation model, according to which the groundwater most likely flows towards 
Haukilampi. It is unlikely that the shallow groundwater flows southwards under the 
gypsum ponds. 
 
 
6.2 Fracture locations and hydraulic properties 
 
Bedrock fracture zones are common in the study area based on the lineament study made 
from digital elevation model and aeromagnetic survey (Forss et al. 2013). The fracture 
zones 1-4 presented in Pasanen et al. (2014) and in Figure 8 were interpreted to be the most 
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important considering bedrock groundwater flowing from the gypsum pond area. Fracture 
zones 1, 2 and 3 travel under the gypsum ponds and are connected to the northeast-
southwest oriented fracture zone 4 that travels on the southern side of the gypsum ponds. 
From geophysical methods particularly gravimetric and refraction seismic surveys revealed 
the locations of the fracture zones, many of them matching with the lineament 
interpretation. The results from the ERT survey relating to the locations of these zones did 
not significantly differ from the gravimetric and refraction seismic results. However, with 
the ERT survey it was observed that the fracture zones contain water and although the 
electrical resistivity was of the magnitude of natural surface waters, the fracture zones 
impose a risk in transporting adverse substances outside the mining area (Forss et al. 2013). 
 
The groundwater flow direction in the fracture zones was estimated mostly based on the 
hydraulic heads measured from the drilled wells (Pasanen et al. 2014). However, only one 
measurement was taken from each well, so it is not possible to analyze the groundwater 
flow in individual fractures. This would have needed the separation of the fractures with 
packers. Instead, the estimated flow direction assumes the fracture zones as completely 
interconnected network. More detailed information about the hydraulic connections of each 
fracture would require separating them with packers and conducting large scale pumping 
tests and possibly tracer tests, too. Nevertheless, in Talvivaara the general flow direction of 
the bedrock groundwater was interpreted to be southwards from the gypsum ponds in 
fracture zones 1, 2 and 3, connecting to the fracture zone 4, where the groundwater flow 
direction was interpreted to be towards southwest from the primary heap. Fracture zone 5 
was not studied, so its hydraulic properties are not known. Also, the continuation of 
fracture zones outside the study area is unknown (Pasanen et al. 2014). 
 
The results from the slug tests (Table 3) were used to calculate average transport velocities 
and times between the gypsum ponds (FID3 and FID27) and FID28 by Pasanen et al. 
(2014). However, the calculations were not exact, because the water was overflowing in the 
well FID28. The hydraulic head was, however, estimated between -2 meters below and +2 
meters above the ground level. With these values, the transport time for groundwater from 
the gypsum ponds to the well FID28 (distance about 1.4 km) is approximately from five to 
more than 50 years, i.e. the transport velocities ranging from 281.6 meters per year (m a
-1
) 
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to 22.1 m a
-1
. In addition, FID29, which did not have as fractured drill core as others, has 
lower K value compared to other wells where the slug tests were done (Table 3). 
 
Table 3. Results of the K values from the slug tests presented in m s
-1
. In FID28 the test was repeated four 
times.  
Well ID K value (m s
-1
) 
FID 3 2.05 x 10
-5 
FID 27 2.47 x 10
-5
 
FID 28.1 1.24 x 10
-4
 
FID 28.2 1.24 x 10
-4
 
FID 28.3 1.15 x 10
-4
 
FID 28.4 1.15 x 10
-4
 
FID 29 6.71 x 10
-6
 
 
 
 
6.3 Geochemical properties of the sampled waters 
 
The geochemical results of the samples taken in Talvivaara were analyzed and interpreted 
in Pasanen et al. (2014). Some characterization was done based on, for example, oxygen 
content and electrical conductivity, but the main focus was on analyzing the effect of the 
leakage in the gypsum ponds on shallow and bedrock groundwater. The conclusion was 
that bedrock groundwater is the most likely route for possible adverse substances to be 
transported outside the mining area, whereas shallow groundwater has less significant role. 
 
Wells FID4, FID29 and FID25 were chosen to represent the background data because they 
locate outside the area affected by the mining activities (Figure 8). The samples taken from 
the quarry and wells DDKS-002 and DDKS-043 are from the black shale area. The wells 
Korte1KA, Korte3KA and FID5 are located near the Kortelampi dam, wells P7 and FID28 
close to the primary heap, and wells FID0, FID27 and FID3 close to the gypsum ponds 
(Figure 8). In general, the oxygen content in bedrock groundwater was low compared to 
shallow groundwater and especially to surface waters. The electrical conductivity in most 
of the samples taken from the bedrock wells was in same range as it was in the background 
wells. However, in P7, FID3 and FID28 it was more than double, and clearly highest values 
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were measured from the quarry and P1. In the wells in the black shale area the electrical 
conductivity was slightly higher than in the background wells (Pasanen et al. 2014). 
 
There were big differences with the amount of sulfate (SO4) in the sampled waters 
(Appendix 1, Pasanen et al. 2014). Slightly higher contents than in background samples 
were measured in Korte3KA, FID5 and FID0, and even higher contents in FID28 and P7. 
In P1 and in shallow wells R5, Korte2MAA and Korte3MAA the sulfate content was 
approximately two orders of magnitude higher than in the background well. R5 locates in 
the middle of the area where most of the waters are dammed, and the two latter ones locate 
in the vicinity of the Kortelampi dam. In the wells DDKS-043 and DDKS-002 in the black 
shale area the sulfate content was about double and one order of magnitude higher, 
respectively, than measured in the background wells. Nitrate (NO3) content (Appendix 1) 
was very low in nearly all of the samples, except in FID27, where it was subtly higher. This 
could indicate surface water contamination in the well. 
 
The effect of the leaked waters from the gypsum ponds on shallow and bedrock 
groundwater was mostly examined with the ratio of soluble sulfur and sodium or calcium 
(S/Na and S/Ca ratios) (Pasanen et al. 2014). These elements originate from chemicals used 
in metals recovery and water neutralization processes, in particular from the use of sulfuric 
acid, lime and lye. Recognizing the chemical contamination was possible with these mobile 
elements because the high amount of silica based solids in the sampled bedrock 
groundwater made it hard to distinguish a contamination caused by harmful metals that are 
more likely to be adsorbed by the solids. Based on the S/Na and S/Ca ratios there are traces 
of chemical contamination in wells P1, P7 and FID28. From metals the total amounts of 
manganese (Mn) and nickel (Ni) were used to identify metal contamination. For other 
metals, such as Cu, Co and Cd, the total and soluble concentrations were too small to 
determine the rate of adsorption. After combining the chemical and metal observations, it 
was concluded that in wells FID0 and FID5 the groundwater is slightly contaminated, in P1 
and P7 the contamination is distinct, and in FID28 and Korte3KA the contamination is 
mostly caused by process chemicals only. In addition, the distribution of S, Na and Ca 
concentrations is similar in P7 and FID28. In shallow groundwater, strong chemical 
contamination was observed in R5, Korte2MAA and Korte3MAA, whereas the 
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concentrations of Mn, Ni and Zn exceeded the background values (from Pappilan 
hetekaivo) in every well (Appendix 1). 
 
As a conclusion from Pasanen et al. (2014), long-term percolation from the primary heap 
has contaminated the groundwater in the fracture zone 4, which can be seen in similarities 
between the geochemistry of P7 and FID28. The contamination in the wells FID5 and 
Korte3KA locating southwest from the Kortelampi dam may indicate seepage of the 
dammed water through shallow groundwater to the bedrock groundwater, but the 
contamination from the primary heap was not encountered in those wells. No effect of the 
leaked water from the gypsum ponds was seen in any bedrock groundwater samples. 
 
 
6.4 Isotopic composition of oxygen and hydrogen 
 
The data from the isotope analyzes made in the GTK is presented in Table 4, and the results 
from the samples analyzed in Germany are shown in Table 5. Taking into account the 
analytical uncertainty (1σ is <0.1‰ for δ18O and <0.3‰ for δ2H), the results are close to 
each other. However, the deviation between the results from different laboratories is 
slightly higher for δ2H. The difference between the δ18O results for sample Gypsum pond, 
section 2 is more than the analytical uncertainty (0.24‰), and for δ2H the difference is 
bigger for samples R0 (0.8‰), R2 (0.6‰), R3 (0.7‰), Gypsum pond, section 2 (1.7‰), 
and Kortelampi (0.4‰). 
 
The d-excess value for the samples is calculated with Equation 2, which is based on the 
global meteoric water line (GMWL) for precipitation defined by Dansgaard (1964). 
 
 d (‰) = δ2H − 8 × δ O 
18  (2) 
 
A d-excess value of 10 means that the sample’s isotopic composition plots on the GMWL. 
Higher values are plotted above the line and smaller values below it. All of the surface 
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Table 4. Isotopic composition of oxygen (δ
18
O) and hydrogen (δ
2
H) for the samples in per mil deviation from 
the Vienna Standard Mean Ocean Water (VSMOW) standard as analyzed in GTK. Also deuterium excess (d-
excess) from the GMWL is shown for each sample. 
Sample site Depth δ
2
H δ
18
O d-excess 
meters ‰, VSMOW ‰ 
Gypsum pond, section 2 Below surface -62.2 -7.13 -5.2 
Haukilampi Below surface -67.2 -7.51 -7.1 
Kortelampi Below surface -73.0 -9.01 -0.9 
Majavanpato Below surface -74.8 -9.43 0.6 
Quarry Below surface -85.6 -11.24 4.3 
Valkealampi Below surface -74.0 -8.94 -2.5 
Korte1MAA 4-5 -94.5 -13.14 10.6 
Korte2MAA 7.5-8.5 -96.1 -13.18 9.3 
Korte3MAA 2-3 -97.3 -13.33 9.3 
Pappilan hetekaivo 1.5-2.5 -92.0 -12.90 11.2 
R0 Bulk sample -97.5 -13.53 10.7 
R2 4-5 -92.8 -12.79 9.5 
R3 3.5-4.5 -94.0 -13.09 10.7 
R5 5-6 -90.3 -12.32 8.3 
DDKS-002 20.2-21.2 -95.1 -13.19 10.4 
DDKS-002 20.2-21.2 duplicate -94.8 -13.16 10.5 
DDKS-002 83-84 -94.9 -13.12 10.1 
DDKS-043 15 (with a pump) -96.2 -13.10 8.6 
FID0 36.5-37.5 -96.9 -13.34 9.8 
FID0 57.5-58.5 -97.1 -13.38 9.9 
FID0 73.2-74.2 -96.4 -13.42 11.0 
FID3 31.3-32.3 -94.7 -13.19 10.8 
FID3 55.4-56.4 -94.3 -12.99 9.6 
FID4 17-18, 20-21, 96-97 -92.2 -13.01 11.9 
FID5 59-60 -100.2 -14.00 11.8 
FID5 63-64 -100.4 -14.02 11.8 
FID5 89.5-90.5 -99.6 -13.84 11.1 
FID25 8.3-9.3 -94.8 -13.19 10.7 
FID25 21-22 -94.9 -13.25 11.1 
FID27 17.1-18.1 -96.1 -13.24 9.8 
FID27 33.3-34.3 -95.8 -13.12 9.2 
FID28 13.5-14.5 -97.8 -13.42 9.6 
FID28 23.7-24.7 -98.0 -13.48 9.8 
FID28 82-83 -97.8 -13.54 10.5 
FID29 17-18 -94.5 -13.19 11.0 
Korte1KA 13 (with a pump) -96.1 -13.32 10.5 
Korte3KA 17 (with a pump) -99.1 -13.68 10.3 
P1 15 (with a pump) -92.9 -12.77 9.3 
P4 Faucet (raw water) -90.9 -12.23 6.9 
P7 10 (with a pump) -96.7 -13.42 10.7 
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water samples are heavier than other samples, which is seen in both δ18O and δ2H 
composition. The samples from shallow groundwater wells are in general similar with the 
bedrock groundwater, but bedrock groundwater is in average slightly lighter than shallow 
groundwater. The most depleted composition was measured from FID5 from depth 63-64 
meters below the top of the casing. The isotopic compositions of the samples are also 
compared to the local meteoric water line (LMWL) defined by Kortelainen and Karhu 
(2004) (Equation 3). 
 
 δ2H = 7.67 × δ O 
18 + 5.79‰ (3) 
 
Table 5. Isotopic composition of oxygen (δ
18
O) and hydrogen (δ
2
H) for those samples that were sent to 
Germany in per mil deviation from the Vienna Standard Mean Ocean Water (VSMOW) standard as analyzed in 
Hydroisotop GmbH laboratory. Also deuterium excess (d-excess) is shown for each sample. 
Sample site Depth δ
2
H δ
18
O d-excess 
meters ‰, VSMOW ‰ 
R0 Bulk sample -96.7 -13.50 11.3 
R2 4-5 -92.2 -12.85 10.6 
R3 3.5-4.5 -93.3 -13.08 11.3 
R5 5-6 -90.0 -12.25 8.0 
Gypsum pond, section 2 Below surface -63.9 -7.37 -4.9 
Kortelampi Below surface -73.4 -9.04 -1.1 
Quarry Below surface -85.6 -11.22 4.2 
 
 
 
7. DISCUSSION 
 
 
7.1 Isotopic fingerprint of different waters 
 
The effect of evaporation on the surface waters is evident as seen in Figure 11. The 
evaporation line drawn through the surface water points has a correlation factor R
2
 of 0.979 
and slope of 5.3. This slope corresponds approximately with relative humidity of 75 % 
(Clark and Fritz 1997), which is close to the average relative humidity (~79 %) measured 
nearby the study area (Pirinen et al. 2012). The greatest amount of evaporation has occurred 
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in Gypsum pond, section 2 and Haukilampi. In the gypsum ponds, for example, the water 
cycle is very restricted, and excluding precipitation and evaporation the waters do not take 
part to the natural water cycle. The limited amount of water exchange enables the 
evaporation signal to remain in these surface waters. 
 
The intersection of the evaporation line and the LMWL, where δ18O is -13.3‰ and δ2H 
is -96.6‰, is approximately the same as the average isotopic composition of both the 
bedrock groundwater (δ18O = -13.3‰ and δ2H = -96.3‰) and shallow groundwater 
(δ18O = -13.0‰ and δ2H = -94.3‰) shown in Figure 11. The intersection of evaporation 
line and meteoric water line can be used to estimate the original isotopic composition of the 
evaporated water, i.e. the average isotopic composition of precipitation (e.g. Clark and Fritz 
1997, Yin et al. 2011). Here, it can be concluded that the waters sampled originate from the 
Figure 11. Isotopic composition of the sampled waters, grouped into bedrock and shallow groundwater, and 
surface water. The averages of each of these groups are shown with corresponding uncolored open symbols, 
with the exception that P4 (the heaviest bedrock groundwater sample) is not included in the average bedrock 
groundwater isotopic composition. GMWL is from Craig (1961) and the LMWL from Kortelainen (2007). 
Evaporation line is drawn for the surface water samples. 
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local atmospheric precipitation, and the average isotopic composition of both the bedrock 
and shallow groundwater have an isotopic fingerprint of precipitation. As a consequence, 
the groundwater systems of the study area are separate from the surface water cycle, and 
thus, the intrusion of surface water to the groundwater system could be observed based on 
its evaporation signal. In Figure 11, the well P4 (the heaviest bedrock groundwater isotopic 
composition) is not included in the calculation of the composition of the average bedrock 
groundwater. The well’s representation of bedrock groundwater is questionable because it 
is used to pump raw water to the mine, which possibly creates surface water infiltration 
from the nearby lake Valkealampi. In addition, the average isotopic composition of shallow 
groundwater would be slightly lighter if the composition of R5 was not taken into account. 
R5 has a subtle signal of surface water, and also based on its location, observations made in 
the field and geochemistry, it is affected by the contaminated waters dammed in that area. 
 
In general, the samples of bedrock groundwater follow the LMWL well, excluding P4, and 
no significant signal of evaporated surface water is seen in the results (Figure 12). In 
addition, the samples of shallow groundwater, excluding R5, are located in a very similar 
way to the δ18O – δ2H graph as the samples of bedrock groundwater. The similarity 
between deep and shallow groundwater isotopic compositions was also observed by 
Kortelainen and Karhu (2004). The background sample FID4 has the highest d-excess 
value, after FID5 from depths 59-60 and 63-64 meters. Higher d-values imply no signal of 
evaporation, whereas lower d-values, such as seen in DDKS-043, give a reason to suspect 
that surface water is mixed with the bedrock groundwater. Besides these observations, there 
is no significant deviation from LMWL in the sampled bedrock and shallow groundwaters, 
supporting the conclusion of the groundwater originating from precipitation. For 
comparison, the isotopic composition of the weighted mean annual precipitation from 
Kuopio (Kortelainen 2007), which is approximately 120 km south from the study area, is 
shown in Figure 12. 
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Another interesting observation to be noticed is that the background samples (Pappilan 
hetekaivo for shallow groundwater and FID4, FID29 and FID25 for bedrock groundwater) 
are in general heavier and more enriched in deuterium than other samples. One factor that 
could cause the shift to the left of the LMWL (higher d-value) is salinity, which is partly 
related to water-rock interaction. However, Kloppmann et al. (2002) noticed that a clear 
trend appears only when salinity (or total dissolved solids; TDS) exceeds 20 g l
-1
. In this 
study, on the other hand, TDS was not analyzed. Instead, a rough estimation was calculated 
based on the SPC values presented in Appendix 1 with an equation from Chang et al. 
(1983): TDS (mg l
-1
) = 765.1 * SPC (mS cm
-1
)
1.085
. The correlation between TDS and 
electrical conductivity is not linear, but with a lack of analyzed results the calculation gives 
a rough estimation. The results of the calculation of TDS show that in none of the samples 
it actually exceeded 20 g l
-1
. In the bedrock groundwater samples the amount of TDS was 
Figure 12. The isotopic composition of bedrock and shallow groundwater. The background samples (FID4, 
FID29, FID25 and Pappilan hetekaivo) are marked with slightly transparent black edged symbols. For the 
black shale area, DDKS-002 was used as a background sample. The orange square indicates the weighted 
mean annual precipitation from Kuopio (approximately 120 km south from the study area) (Kortelainen 2007). 
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actually in general 100 times smaller than the threshold noted by Kloppmann et al. (2002). 
In addition to low electrical conductivity and TDS, Hackley et al. (2010) point out low 
chloride concentrations suggesting low water-rock interaction. For the water-rock 
interaction to be distinct in the δ18O – δ2H graph (e.g. Ahonen et al. 2011, Kietäväinen et al. 
2013), the deviation from the LMWL should be significantly higher than observed in this 
study. Taking into account the factors mentioned above, it is indicated that the bedrock 
groundwater in the study area is not very old, and the residence times are short enough for 
the water to remain fresh. 
 
The position of water samples in the δ18O – δ2H graph is in general controlled by three 
main factors: the temperature of the initial water in the moment of evaporation (Majoube 
1971), relative humidity as the initial water evaporates (Gonfiantini 1986), and the 
depletion of the remaining vapor in rainout effect (Dansgaard 1964, Craig and Gordon 
1965). From these the rainout effect is the most likely cause of the changes in the local 
precipitation. In rainout effect, as part of a vapor precipitates, the remaining vapor is 
progressively depleted in heavier isotopes, unless the vapor is mixed with other 
atmospheric vapor. The further inland or polewards the vapor is precipitated, further it is 
depleted. This is seen in the position of samples in the δ18O – δ2H graph shifting along the 
GMWL or LMWL (Dansgaard 1964, Craig and Gordon 1965, Kortelainen and Karhu 
2004). Combination of this and possible biases in the recharge of the groundwater could 
explain the isotopic composition of not only the background samples but also the other 
groundwater samples. Biases in recharge are usually seasonal, and are affected by various 
factors, for example vegetation, soil type and topography. 
 
A noteworthy trend is seen in Figure 12 as most of the bedrock groundwater samples taken 
from different depths of same well cluster in a rather distinct manner. From those bedrock 
wells where samples were taken from different depths, i.e. the FID wells 25, 0, 27, 28, 5 
and 3, and DDKS-002, FID3 is the only exception to this kind clustering. The most likely 
reason to cause this phenomenon is slight differences in recharge conditions and recharge 
times between different wells, and in the case of FID3, different recharge sources and 
conditions for the waters in different fracture zones. However, to study the recharge sources 
in more detail would require more comprehensive tests on site. More accurate results and 
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interpretations of not only recharge but also the flow of the bedrock groundwater could be 
acquired with packer tests and pumping tests (e.g. Murthy 2003, Sara 2003). Combination 
of these tests would reveal the hydraulic head of individual fracture zones, hydraulic 
connections between different fracture zones and possibly also the recharge areas. The 
pumping tests could, however, impose a risk of contaminants entering the fracture systems 
due to possible changes in hydraulic head and recharge conditions. The confirmation of 
seasonal bias in recharge would require regular sampling of oxygen and hydrogen isotopes 
for a longer period of time (Kortelainen and Karhu 2004), for example covering three 
consecutive years.  
 
 
7.2 Hydraulic connections and contamination caused by mining activities 
 
The isotopes alone do not tell whether a sample is contaminated with process chemicals or 
leaked gypsum pond waters, this is seen from the geochemical composition of the samples. 
Instead, the isotopic fingerprint is an important tool in tracing similarities, enrichment due 
to evaporation, and possible hydraulic connections. In the samples taken from bedrock 
groundwater, none of them actually showed clear traces of surface water. This could be 
explained by the differences in the sensitivities of geochemical and isotopic analyzes. 
When waters with different compositions are mixed, it is usually possible to detect already 
rather small differences in IC and ICP-OES or ICP-MS analyzes, whereas the isotopic 
composition might not yet show any or significant change. For example, mixing 10 % 
water from the gypsum pond and 90 % the average water from the background wells (Table 
4, Appendix 1), the sulfate (SO4) composition would rise to approximately 1700 mg l
-1
, 
whereas the δ18O composition would be about -12.5‰. With similar mixing with the 
average dammed water (based on Haukilampi, Majavanpato and Kortelampi), there would 
be about 506 mg l
-1
 sulfate, and δ18O composition would be about -12.7‰. Hypothetical 
mixing of these waters is presented in Figure 13. Although the surface waters are clearly 
isotopically heavier compared to groundwater, mixing of less than approximately 10 % of 
contaminated surface water to groundwater does not yet change the isotopic composition 
significantly, but rise in the amount of sulfate is already seen. 
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Similarities between different wells were, however, observed. One of these similarities is 
the isotopic composition of P7 and FID28, in particular FID28 from depth 82-83 m. Based 
on geochemistry, there was a clear indication of hydraulic connection between these wells 
(Pasanen et al. 2014), and the results from isotope analyzes of oxygen and hydrogen 
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support this conclusion. However, another striking similarity in isotopic composition is 
between P7 and FID0 (Figure 12), which was not seen in geochemistry. The wells P7 and 
FID0 are located along same fracture zone (fracture zone 2 in Figure 8), which was 
interpreted to have groundwater flow southwards by Pasanen et al. (2014). In that study, no 
contamination by the leaked gypsum pond waters was observed, and there is no 
contamination source north of FID0, which could also explain why no geochemical 
similarities were seen between those wells. However, the possibility of the pollutants 
reaching the groundwater in the fracture zones on a later stage should not be excluded. 
 
Because FID28 was artesian, recharge to bedrock groundwater in that area is unlikely, but 
on the other hand, only some of the fractures might have the artesian property. 
Nevertheless, groundwater from surrounding areas is flowing towards it in the artesian 
fractures. FID3 is located northwest from FID28 in the same fracture zone (fracture zone 1, 
Figure 8), but isotopically they do not seem to be connected. This might be a result of 
groundwater from FID3 being connected to fracture zone 3, rather than flowing all the way 
southeast to FID28. It is also possible that the water in FID28 is a mixture from different 
sources that is sufficient to cover the fingerprint from FID3. Further investigations to 
ascertain the hydraulic connection between fracture zones 1 and 3 would require drilling 
another monitoring well to the fracture zone 3 and analyzing the groundwater’s isotopic 
composition from it, possibly combined with packer and pumping tests. 
 
The most depleted samples in this study were taken from wells FID5 and Korte3KA. 
Spatially, the wells are rather close to each other (Figure 8), and the groundwater from 
these wells has isotopically similar features (Figure 12). However, the similarities are 
ambiguous, which might be a consequence of water from other sources mixing with the 
groundwater flowing between FID5 and Korte3KA. Another possible explanation is that 
the groundwater from FID5 from depth 89.5-90.5 m is isotopically a mixture of the 
shallower groundwater from the same well and the water from Korte3KA. Complex 
fracture structures are common in the bedrock (e.g. National Research Council 1996), and 
for the confirmation and detailed knowledge of their extent and hydraulic connections more 
comprehensive studies would be needed. Furthermore, comparing the isotopic composition 
of FID5 and Korte3KA with Korte1KA, which all locate in the same NW-SE oriented 
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fracture zone, the difference is obvious. Potential cause of this difference is in the way how 
differently oriented fractures in Finland were eroded during the previous glaciation (Niini 
1968). In the SW-NE oriented fracture zone 4 the uppermost fractured part has most likely 
been better preserved than in the NW-SE oriented fracture zones that were eroded deeper as 
the glacier proceeded. Thus, the fracture zone 4 might be collecting the groundwater from 
the surrounding NW-SE oriented fracture zones. This could be further studied through an 
additional monitoring well in the fracture zone 4 on the western side of the wells FID5 and 
Korte3KA. Additionally, to find out if the fracture zone 4 is connected to the surface waters 
outside the mining area, volumetric flow rate measurements in the river Lumijoki in the 
vicinity of the lake Ylä-Lumijärvi (Figure 4) together with isotope analyzes should be done. 
This could reveal the possible changes in the volume of the river flow caused by 
groundwater discharge or recharge through the channel bed along the fracture zone 4. 
Furthermore, with the isotope analyzes it could be possible to interpret the quantity of 
mixing between surface water and groundwater (e.g. Korkka-Niemi et al. 2011). 
 
The isotopic compositions of the background samples FID4 and FID29 are very different 
from each other, although they are located just some meters apart from each other. The 
reason for the different isotopic compositions might be in the permeability of the bedrock 
and in the groundwater residence times. Based on the drill core logs FID29 was more 
fractured than FID4 indicating that the groundwater in FID29 is replaced by new 
circulating water faster than in FID4. Thus the groundwater in these wells could originate 
seasonally from different sources, and in the case of FID4, the groundwater has also had 
geochemically longer reaction times with the mineral material in the fractures. An 
indication of this is also seen in the results of ICP-OES/ICP-MS analyzes of dissolved and 
total concentration of elements (Appendix 1, Pasanen et al. 2014), as in general, most of the 
elements have higher concentrations in FID4 compared to FID29. 
 
The comparison of the isotopic compositions of bedrock and shallow groundwater does not 
reveal any significant similarities in the frame of possible hydraulic connections. However, 
there is an interesting observation in the compositions of shallow wells R2 (δ18O 
= -12.79‰ and δ2H = -92.8‰) and R3 (δ18O = -13.09‰ and δ2H = -94‰), as they are 
located just approximately 100 meters apart from each other. The difference in the isotopic 
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composition is possibly caused by preferential flow paths in the soil, but the effect of 
analytical uncertainty is not excluded, as the difference is 0.3‰ for δ18O and 1.2‰ for δ2H. 
 
Although it was concluded in Pasanen et al. (2014) that there is chemical and metal 
contamination in FID5, FID0 and Korte3KA, it is difficult to confirm this with the isotope 
results. This, however, does not mean that there is no contamination of groundwater; the 
question is, to which extent the geochemical results of these wells depict natural 
concentrations, and how much of it is contamination, and to which extent the isotope 
results are able to reveal surface water interaction with the groundwater. The isotopic 
compositions of these wells do not indicate surface water interaction, but the case is exactly 
the same for wells FID28 and P7 that were clearly contaminated. Most likely, the amount 
of contaminated surface water has not been enough to change the isotopic composition of 
most of the sampled bedrock groundwater and thus the samples are not significantly 
deviated from the LMWL. This phenomenon is also highlighted by the analytical 
uncertainty, when the changes in isotopic composition are small. 
 
 
7.3 Sources of error 
 
The results allow only momentary description of the situation and state of the groundwater 
in the study area as samples were taken only once in October 2013. This makes it harder to 
estimate the effect of annual, seasonal and spatial changes in both isotopic composition and 
geochemistry. Regular sampling covering longer period of time, for example three 
consecutive years would solve this uncertainty and increase the accuracy of the 
interpretations. Regular monitoring is also important to detect possible changes in surface 
waters and groundwaters caused by mining activities. 
 
Because this study included many different phases, each of them with their own sources of 
error, it is possible that some errors could have cumulated as the study progressed. An error 
that could have cumulative effects is, for example, locating the new bedrock wells wrong, 
as the samples taken from this kind well would have questionable representativeness. 
However, conducting this study through all the phases has its benefits, too, because in that 
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way it was possible to plan and design the phases in purpose of the next phase. In general, 
the results are considered reliable. 
 
The sources of error from drilling and choosing sampling depths relate largely to the 
interpretation of the drill core. Firstly, core samples are small in diameter, so they provide 
only a very small intersection of a fracture and fracture zones, and distinguishing between 
connected and unconnected void spaces in fractures can be very difficult. Because of this, it 
is more reliable to regard the drill core interpretations in indicating porosity, rather than 
permeability (National Research Council 1996), as it was done in this study when choosing 
the sampling depths. On the other hand, some information of the most potential 
groundwater conducting fractures may have been lost due to poor core recovery from the 
most damaged zones. In choosing the most representative depths for sampling it was 
important to know the structure of the bedrock, which was not possible in the older wells in 
the study area. With that knowledge it would had been easier to target the sampling to right 
depths, instead of taking bulk samples or one sample from a relatively random depth. 
 
In the sampling itself, some sources of error exist too. While retrieving the samples from 
the wells, some minor mixing might have happened that has changed the geochemical and 
isotopic compositions of the groundwater. This was tried to prevent from happening by 
taking the samples first from the nearest of the surface and last from the deepest part, but 
small disturbances in the water are impossible to prevent completely. Additionally, in 
bottling and handling the samples might have contaminated or some evaporation might 
have happened. To avoid contamination, the equipment used were kept clean until 
sampling, plastic gloves were used, the bottles were flushed with sampling water three 
times before actual sample was bottles, and every sample was kept in record carefully. The 
results obtained from the analyzes did not show inconsistent anomalies indicating errors in 
sampling. Furthermore, other aspects of the sources of errors are also considered in Pasanen 
et al. (2014). 
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8. CONCLUSIONS 
 
Fracture zones in crystalline bedrock have important role in conducting water and 
transporting adverse substances outside the mining area, but knowing the role and 
significance of each of the observed fracture zone is equally important. In this work, the 
focus was on studying four fracture zones in particular (fracture zone 1-4, Figure 8 and 14). 
Isotopically, the surface waters were easily distinguished from the shallow and bedrock 
groundwater, as they showed clear signs of evaporation. However, against what was 
expected based on the geochemical interpretations made by Pasanen et al. (2014), the 
bedrock groundwaters did not show any major signal of surface waters. 
 
Isotopic similarities and hydraulic connections were observed (Figure 12) between wells P7 
and FID28 in fracture zone 4, and between P7 and FID0 in fracture zone 2. In addition, 
based on the differences between the isotopic compositions of FID3 and FID28 that are 
located in the same fracture zone, it was concluded that fracture zone 3 might be directing 
the groundwater flowing southwards from northeast from fracture zone 1. Similarly, based 
on the differences between FID5 and Korte3KA with Korte1KA that are all located in the 
same NW-SE directed fracture zone but separated by NE-SW directed fracture zone 4, it 
was interpreted that fracture zone 4 most likely acts as the major water conducting fracture 
zone in the study area (Figure 14). This is why it would be of paramount importance to 
study the fracture zone 4 in more detail with the help of one or two new drilled wells and 
packer tests. At the same time it would be possible to investigate the source of the artesian 
pressure in the well FID28. It is also important to remember that the continuations of the 
fracture zones, for example the fracture zone 4 towards southwest or fracture zone 2 
towards southeast, are unknown. 
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The most likely factors affecting the position of water samples in the δ18O – δ2H graph here 
are the depletion of the remaining vapor in rainout effect (Dansgaard 1964, Craig and 
Gordon 1965) and seasonal biases in recharge. These factors mark the isotopic fingerprint 
in the sampled water and affect how depleted or enriched the sample is, and how much it is 
deviated from the LMWL. Furthermore, the effect of evaporation from the surface water 
was not observed in most of the groundwater samples. The reason for this is that the isotope 
analysis is not sensible enough to observe minor differences in the change of the isotopic 
composition. As a consequence, more than approximately 10 % of surface water would be 
needed to change the isotopic composition of groundwater significantly enough. 
 
In order to gain more comprehensive results and more detailed interpretations, it would had 
been beneficial to have more sampling locations, particularly in the northern side of the 
Figure 14. Main conclusions of the groundwater flow directions in the bedrock fractures in the study area 
based on isotopic similarities. DEM based on the Airborne Laser Scanning Data is in the background of the 
map c), © National Land Survey. Base map © HALTIK. 
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gypsum ponds and in the fracture zones 3 and 4. The amount of geochemical analyzes was 
sufficient to determine the contaminants and their sources, but unfortunately it was not 
possible to pinpoint surface water contamination in the groundwater in the main fracture 
zones. The interpretations about hydraulic connections of the fractures and fracture zones 
can possibly be slightly vague because of the lack of knowledge about individual fractures. 
However, this was expected, as fracture zones are invariably heterogeneous, and their 
physical and hydrological properties can be more complex than simple linear superposition 
of the properties from single fractures, especially when the fractures intersect (National 
Research Council 1996). Separating the fractures in a drill hole with packers could had 
enabled the measurement of the hydraulic head in each of them separately, improving the 
accuracy of interpreting both the flow directions in the bedrock, but also some hydraulic 
connections. 
 
More detailed interpretations would have also required regular sampling for a longer period 
of time. This would have better enabled the distinguishing of naturally and artificially 
induced changes in the isotopic composition of the waters. However, an important 
observation was made relating to the role of differently oriented fracture zones, which also 
has implications in future studies in Finland, as it should be carefully evaluated the effect of 
NE-SW directed fracture zones on the hydraulic characteristic of a study area. As a 
summary, the main conclusions of the study are: 
 Instead of being able to isotopically indicate surface water contamination in 
groundwater, isotopic similarities between the sampled bedrock groundwaters had a 
major role. 
 Hydraulically the most important fracture zone in the study area is fracture zone 4, 
where wells P7 and FID28 had similar isotopic compositions. Also in fracture zone 
2 it was interpreted to be hydraulic connection between wells FID0 and P7. 
Furthermore, the groundwater from fracture zone 1 possibly flows toward fracture 
zone 3. 
 Studying the fracture zone 4 in more detail, especially its continuation and hydraulic 
connections outside the study and mining area is recommended. 
 For further studies, using packer tests and possibly pumping tests together with 
hydrogeochemical and isotopic studies for a longer period of time will give more 
comprehensive results of the flow directions and hydraulic connections in the 
fracture zones in the study area. 
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Appendix 1. Results from the geochemical analyzes and field measurements with YSI meter. 
Sample site Sampling depth (m) 
Fe++ Ag Al As B Ba Be Bi Cd Co 
mg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l 
    095C + 139M + 139M + 139M + 139M + 139M + 139M + 139M + 139M + 139M 
Gypsum pond, section 2 Below surface 257 0.06 500000 13.0 33.2 7.50 33.2 <0.02 14.4 235 
Haukilampi Below surface 0.27 <0.01 2810 0.24 23.6 30.7 0.31 <0.02 0.25 11.2 
Kortelampi Below surface 0.61 0.01 48100 4.07 14.0 36.8 3.70 <0.02 20.4 198 
Majavanpato Below surface 0.12 0.02 41900 5.39 12.8 26.3 4.19 <0.02 31.4 320 
Quarry Below surface 0.91 0.09 41700 6.75 23.7 28.1 4.26 <0.02 102 924 
Valkealampi Below surface 0.09 <0.01 35.9 0.13 <0.5 38.2 <0.1 <0.02 <0.02 0.23 
Blank sample   <0.02 <0.01 <1 <0.05 <0.5 2.41 <0.1 <0.02 <0.02 <0.02 
Korte1MAA 4-5 <0.02 <0.01 10.1 <0.05 <0.5 7.98 <0.1 <0.02 <0.02 0.85 
Korte2MAA 7.5-8.5 3.06 <0.01 1.23 0.43 <0.5 267 <0.1 <0.02 0.06 30.8 
Korte2MAA* 7.5-8.5 - <0.01 1.10 0.44 <0.5 272 <0.1 <0.02 0.07 31.3 
Korte3MAA 2-3 2.94 <0.01 320 0.50 <0.5 103 <0.1 <0.02 0.32 86.5 
Pappilan hetekaivo 1.5-2.5 <0.04 <0.01 15.0 <0.05 0.84 12.7 <0.1 <0.02 <0.02 0.07 
Pappilan hetekaivo* 1.5-2.5 <0.04 <0.01 15.1 <0.05 0.87 12.6 <0.1 <0.02 <0.02 0.07 
R0 Bulk sample 8.59 <0.01 32.2 0.60 <0.5 84.3 <0.1 <0.02 <0.02 2.58 
R2 4-5 4.83 <0.01 311 3.24 <0.5 132 0.36 <0.02 0.09 4.53 
R2* 4-5 4.84 <0.01 269 2.85 <0.5 115 0.32 <0.02 0.08 4.00 
R3 3.5-4.5 9.11 <0.01 844 0.97 <0.5 42.9 <0.1 <0.02 <0.02 1.00 
R5 5-6 31.3 <0.01 181 2.70 <0.5 28.9 <0.1 <0.02 0.68 251 
DDKS-002 20.2-21.2 20.2 <0.01 14.1 1.29 1.04 9.97 <0.1 <0.02 <0.02 1.02 
DDKS-002, duplicate 20.2-21.2 19.7 <0.01 7.58 1.39 <0.5 23.1 <0.1 <0.02 <0.02 1.08 
DDKS-002 83-84 15.8 <0.01 6.52 1.76 1.37 17.5 <0.1 <0.02 <0.02 1.14 
DDKS-043 15 (with a pump) <0.02 <0.01 2.71 0.62 2.39 14.4 <0.1 <0.02 0.06 1.27 
FID0 36.5-37.5 0.29 <0.01 6.45 0.16 2.56 107 <0.1 <0.02 <0.02 0.15 
FID0 57.5-58.5 0.30 <0.01 8.93 0.14 2.73 98.9 <0.1 <0.02 <0.02 0.17 
FID0 73.2-74.2 0.32 <0.01 6.02 0.15 2.54 108 <0.1 <0.02 <0.02 0.19 
FID3 31.3-32.3 8.65 0.01 3.75 0.05 <0.5 31.4 <0.1 <0.02 <0.02 1.93 
FID3 55.4-56.4 7.61 0.03 18.0 0.05 <0.5 32.1 <0.1 <0.02 0.02 1.89 
FID3, duplicate 31.3-32.3 2.91 0.01 4.02 0.05 <0.5 41.2 <0.1 <0.02 <0.02 1.83 
FID4, bulk sample 14-15 0.09 <0.01 34.6 0.07 8.90 55.0 <0.1 <0.02 0.14 0.12 
FID4, bulk sample* 14-15 0.09 <0.01 15.7 0.07 9.62 57.1 <0.1 <0.02 0.14 0.16 
FID5 59-60 <0.02 <0.01 2.47 <0.05 15.6 18.4 <0.1 <0.02 <0.02 0.04 
FID5 63-64 <0.02 <0.01 2.15 <0.05 15.5 29.9 <0.1 <0.02 <0.02 0.03 
FID5 89.5-90.5 <0.02 <0.01 3.93 <0.05 16.3 28.1 <0.1 <0.02 <0.02 0.03 
FID25 8.3-9.3 0.50 <0.01 5.88 0.15 1.89 23.9 <0.1 <0.02 0.02 0.09 
FID25 21-22 0.75 <0.01 2.71 0.13 1.87 25.8 <0.1 <0.02 0.02 0.12 
FID27 17.1-18.1 0.22 0.01 17.4 <0.05 1.27 17.2 <0.1 <0.02 0.06 0.32 
FID27 33.3-34.3 0.24 0.01 8.3 <0.05 1.02 15.1 <0.1 <0.02 0.05 0.24 
FID28 13.5-14.5 0.16 <0.01 3.66 0.24 1.29 66.6 <0.1 <0.02 0.02 0.08 
FID28 23.7-24.7 0.09 <0.01 4.02 0.26 1.81 69.5 <0.1 <0.02 0.02 0.08 
FID28 82-83 0.10 <0.01 6.21 0.31 1.83 74.5 <0.1 <0.02 0.02 0.09 
FID29 17-18 0.04 <0.01 3.49 0.05 8.43 31.9 <0.1 <0.02 0.24 0.02 
Korte1KA 13 (with a pump) <0.02 <0.01 3.20 0.30 <0.5 49.3 <0.1 <0.02 0.02 0.78 
Korte3KA 17 (with a pump) <0.02 <0.01 19.9 0.19 9.23 26.5 <0.1 <0.02 <0.02 0.17 
P1 15 (with a pump) <0.02 <0.01 6930 1.74 4.55 30.4 0.62 <0.02 11.7 84.6 
P4 Faucet <0.02 <0.01 1.94 0.31 1.58 80.0 <0.1 <0.02 0.07 0.97 
P7 10 (with a pump) 0.27 <0.01 2.76 <0.05 <0.5 38.3 <0.1 <0.02 0.03 7.38 
*Laboratory internal quality control                     
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Sample site Sampling depth (m) 
Cr Cu I K Li Mn Mo Ni P Pb 
µg/l µg/l µg/l mg/l µg/l µg/l µg/l µg/l µg/l µg/l 
    + 139M + 139M + 139M + 139M + 139M + 139M + 139M + 139M + 139M + 139M 
Gypsum pond, section 2 Below surface 93.6 48.5 6.18 4.03 205 1120000 0.54 13300 219 0.97 
Haukilampi Below surface 0.69 1.24 2.68 13.0 299 135000 0.04 531 14.5 0.32 
Kortelampi Below surface 4.23 92.6 12.4 14.2 97.7 278000 0.22 5720 10.1 2.07 
Majavanpato Below surface 1.43 146 5.10 13.7 67.9 161000 0.29 8070 10.3 0.23 
Quarry Below surface 1.60 17.3 10.9 16.6 80.6 550000 1.23 37800 <10 6.48 
Valkealampi Below surface 0.74 0.59 3.97 1.42 1.10 196 <0.02 2.91 <10 0.13 
Blank sample   1.15 <0.1 3.21 <0.01 <0.1 <0.02 0.10 <0.05 <10 <0.05 
Korte1MAA 4-5 1.36 0.42 <2 0.69 0.39 123 0.11 2.06 10.9 <0.05 
Korte2MAA 7.5-8.5 0.77 0.57 2.95 9.62 13.4 12200 0.58 11.6 <10 <0.05 
Korte2MAA* 7.5-8.5 0.77 0.51 3.04 9.86 13.9 12300 0.45 11.8 <10 <0.05 
Korte3MAA 2-3 1.13 0.81 11.7 2.22 0.38 42900 0.11 146 <10 0.39 
Pappilan hetekaivo 1.5-2.5 0.94 0.19 <2 0.85 0.28 <0.02 0.02 0.30 <10 <0.05 
Pappilan hetekaivo* 1.5-2.5 0.95 0.17 <2 0.84 0.28 <0.02 0.02 0.27 <10 <0.05 
R0 Bulk sample 1.62 <0.1 122 4.42 8.19 563 3.25 5.97 23.6 <0.05 
R2 4-5 3.43 24.8 <2 1.91 14.5 234 1.55 10.7 55.4 0.47 
R2* 4-5 2.96 23.1 <2 1.63 12.9 236 1.34 9.43 46.3 0.40 
R3 3.5-4.5 3.10 0.89 6.44 0.44 1.26 70.9 0.92 2.24 356 0.46 
R5 5-6 2.22 0.60 220 17.5 6.82 135000 1.88 274 <10 0.05 
DDKS-002 20.2-21.2 0.79 <0.1 13.5 2.71 0.79 859 1.14 71.6 10 <0.05 
DDKS-002, duplicate 20.2-21.2 0.59 <0.1 12.4 2.56 0.72 861 0.71 74.6 10.5 <0.05 
DDKS-002 83-84 0.48 <0.1 14.5 2.75 0.81 881 0.77 115 10.8 <0.05 
DDKS-043 15 (with a pump) 0.79 0.11 2.58 3.18 1.05 118 39.4 27.1 10 <0.05 
FID0 36.5-37.5 0.62 <0.1 11.4 4.66 4.89 624 3.70 3.49 <10 <0.05 
FID0 57.5-58.5 0.21 <0.1 9.11 4.6 5.03 591 3.79 3.73 <10 <0.05 
FID0 73.2-74.2 <0.2 <0.1 12.4 4.77 5.03 633 4.14 4.58 <10 <0.05 
FID3 31.3-32.3 1.10 0.35 3.07 2.55 3.64 350 10.4 4.77 <10 <0.05 
FID3 55.4-56.4 0.55 1.59 2.83 2.52 3.58 323 12.8 5.17 <10 <0.05 
FID3, duplicate 31.3-32.3 1.78 0.43 2.28 2.45 3.58 322 11.6 4.62 <10 <0.05 
FID4, bulk sample 14-15 0.59 0.64 <2 3.71 4.12 220 101 3.05 18.3 <0.05 
FID4, bulk sample* 14-15 0.60 0.67 <2 3.96 4.06 288 106 1.22 16.9 <0.05 
FID5 59-60 0.85 <0.1 9.17 3.00 3.14 53.2 1.27 0.48 <10 <0.05 
FID5 63-64 0.69 <0.1 5.63 3.01 3.04 42.0 1.33 0.32 <10 <0.05 
FID5 89.5-90.5 0.68 <0.1 5.13 3.11 3.21 42.5 1.30 0.41 <10 <0.05 
FID25 8.3-9.3 <0.2 0.25 <2 2.26 4.68 313 5.16 0.62 <10 <0.05 
FID25 21-22 1.21 0.28 <2 2.36 4.73 320 7.19 0.88 <10 <0.05 
FID27 17.1-18.1 <0.2 0.24 2.07 4.50 9.56 45.4 50.2 1.39 11.1 0.08 
FID27 33.3-34.3 <0.2 <0.1 <2 3.94 8.56 47.5 47.7 1.04 <10 <0.05 
FID28 13.5-14.5 <0.2 <0.1 3.05 4.66 4.29 472 3.69 0.72 12.5 <0.05 
FID28 23.7-24.7 <0.2 <0.1 2.98 4.67 4.34 465 4.55 0.63 12.8 <0.05 
FID28 82-83 0.63 0.10 2.99 4.73 4.28 476 4.57 0.74 15.6 <0.05 
FID29 17-18 <0.2 <0.1 <2 3.23 5.07 83.3 207 0.46 21.2 <0.05 
Korte1KA 13 (with a pump) 1.44 0.59 <2 4.01 4.19 317 1.17 2.95 19.2 <0.05 
Korte3KA 17 (with a pump) 1.29 1.83 6.92 4.39 8.3 21 3.03 1.9 13.8 0.08 
P1 15 (with a pump) 1.09 14.9 11.9 10.7 1.97 23300 0.72 2430 13.7 0.15 
P4 Faucet 0.32 7.44 6.29 3.9 5.26 643 0.53 1.77 44 <0.05 
P7 10 (with a pump) 0.56 <0.1 8.88 6.06 0.86 5480 0.27 57.3 <10 <0.05 
*Laboratory internal quality control                     
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Sample site Sampling depth (m) 
Rb Sb Se Th Tl U V Zn Ca Fe 
µg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l mg/l mg/l 
    + 139M + 139M + 139M + 139M + 139M + 139M + 139M + 139M + 139P + 139P 
Gypsum pond, section 2 Below surface 45.9 0.02 43.1 240 0.08 1810 128 5160 315 636 
Haukilampi Below surface 75.2 0.02 1.28 0.21 0.06 7.37 0.16 83.1 371 0.65 
Kortelampi Below surface 55.2 0.03 9.00 46.4 0.16 141 0.28 6770 450 33.5 
Majavanpato Below surface 44.1 0.02 10.2 4.37 0.13 105 0.21 13000 342 0.79 
Quarry Below surface 44.4 0.16 21.0 14.1 0.41 305 0.65 85300 315 639 
Valkealampi Below surface 2.70 0.05 <0.5 0.07 0.03 0.06 0.21 11.2 2.36 0.44 
Blank sample   <0.01 <0.02 <0.5 0.01 0.02 <0.01 <0.05 2.59 <0.1 <0.05 
Korte1MAA 4-5 1.49 0.03 <0.5 0.04 0.02 0.01 0.11 12.0 1.96 <0.05 
Korte2MAA 7.5-8.5 3.39 0.03 <0.5 0.08 0.02 0.15 0.07 44.5 177 20.1 
Korte2MAA* 7.5-8.5 3.47 0.03 <0.5 0.07 0.02 0.15 0.07 45.3 176 20.2 
Korte3MAA 2-3 7.77 0.03 1.03 0.38 0.07 0.10 0.13 48.4 59.4 5.03 
Pappilan hetekaivo 1.5-2.5 1.62 0.02 <0.5 0.02 0.04 0.01 0.10 2.41 1.93 <0.05 
Pappilan hetekaivo* 1.5-2.5 1.69 <0.02 <0.5 0.01 0.03 0.01 0.10 2.40 1.91 <0.05 
R0 Bulk sample 3.49 0.02 <0.5 0.46 0.03 0.15 2.56 19.0 20.0 8.35 
R2 4-5 4.61 0.06 <0.5 1.73 0.04 0.51 12.1 608 3.73 5.69 
R2* 4-5 3.99 0.05 <0.5 1.50 0.03 0.44 10.5 572 3.77 5.86 
R3 3.5-4.5 4.41 0.05 <0.5 1.63 0.02 0.05 3.12 75.4 2.81 10.6 
R5 5-6 33.4 0.07 3.74 0.47 0.18 0.12 0.86 1410 223 31.5 
DDKS-002 20.2-21.2 4.72 0.03 <0.5 0.03 0.03 0.02 0.34 45.1 26.9 21.0 
DDKS-002, duplicate 20.2-21.2 4.75 0.03 <0.5 0.02 0.03 0.01 0.25 40.0 24.4 20.0 
DDKS-002 83-84 4.59 0.05 <0.5 0.01 0.03 0.01 0.24 40.9 28.8 18.6 
DDKS-043 15 (with a pump) 4.7 0.36 0.51 0.01 0.03 0.98 <0.05 6.35 19.6 <0.05 
FID0 36.5-37.5 3.34 <0.02 <0.5 0.05 0.02 0.76 0.31 4.26 17.5 0.32 
FID0 57.5-58.5 3.18 <0.02 <0.5 0.06 0.02 0.85 0.31 3.23 17.0 0.30 
FID0 73.2-74.2 3.65 <0.02 <0.5 0.04 0.02 0.69 0.31 3.07 17.6 0.31 
FID3 31.3-32.3 1.77 0.02 <0.5 0.13 0.02 0.01 0.29 5.19 5.34 12.7 
FID3 55.4-56.4 1.95 0.02 <0.5 0.27 0.02 0.01 0.27 5.76 5.43 10.6 
FID3, duplicate 31.3-32.3 1.72 0.03 <0.5 0.12 0.02 0.01 0.27 10.7 5.52 10.2 
FID4, bulk sample 14-15 3.46 0.21 <0.5 0.07 0.01 0.09 0.07 8.07 14.1 0.21 
FID4, bulk sample* 14-15 3.58 0.22 <0.5 0.07 0.01 0.05 0.07 8.49 13.7 0.21 
FID5 59-60 2.09 <0.02 <0.5 0.03 0.04 1.01 0.24 4.71 17.5 0.06 
FID5 63-64 2.11 <0.02 <0.5 0.02 0.04 1.22 0.25 5.59 17.2 0.06 
FID5 89.5-90.5 2.39 <0.02 <0.5 0.03 0.03 1.03 0.30 4.26 17.6 <0.05 
FID25 8.3-9.3 1.73 <0.02 <0.5 0.12 0.03 4.16 0.17 0.62 19.4 0.51 
FID25 21-22 2.00 0.03 <0.5 0.11 0.04 2.52 0.13 3.92 19.3 0.78 
FID27 17.1-18.1 2.69 0.02 <0.5 0.07 0.02 0.08 0.20 5.75 6.19 0.29 
FID27 33.3-34.3 2.36 0.02 <0.5 0.05 0.02 0.06 0.06 3.87 6.37 0.27 
FID28 13.5-14.5 0.58 <0.02 <0.5 0.06 0.02 1.25 1.17 1.61 30.6 0.17 
FID28 23.7-24.7 0.59 <0.02 <0.5 0.04 0.03 1.40 0.63 1.75 30.6 0.16 
FID28 82-83 0.62 <0.02 <0.5 0.04 0.03 1.42 0.70 2.9 31.4 0.13 
FID29 17-18 2.92 0.09 <0.5 0.01 0.01 0.01 <0.05 2.72 4.86 <0.05 
Korte1KA 13 (with a pump) 2.54 0.03 <0.5 0.04 0.02 0.1 0.61 8.14 6.93 <0.05 
Korte3KA 17 (with a pump) 3.02 0.06 2.88 0.03 0.05 5.09 8.07 14.3 12.6 <0.05 
P1 15 (with a pump) 36.6 0.02 2.96 1.11 0.14 0.82 0.14 1870 77.8 <0.05 
P4 Faucet 1.2 <0.02 <0.5 0.02 0.03 1.54 0.7 5.72 9.77 <0.05 
P7 10 (with a pump) 19 0.03 <0.5 0.04 0.01 0.01 <0.05 36.1 35.5 59.9 
*Laboratory internal quality control   
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Sample site Sampling depth (m) 
Mg Na Si Sr S TOC DOC Br Cl F 
mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l 
    + 139P + 139P + 139P + 139P + 139P + 142L + 142L + 143R + 143R + 143R 
Gypsum pond, section 2 Below surface 2140 840 15.9 0.53 6500 1.4 1.0 <0.2 10 16 
Haukilampi Below surface 452 1300 0.18 0.93 2090 1.7 1.4 <0.2 12 0.7 
Kortelampi Below surface 598 403 4.01 0.76 1760 2.2 2.0 <0.2 6.8 3.4 
Majavanpato Below surface 381 265 6.36 0.65 1120 0.7 0.6 <0.2 5.7 2.5 
Quarry Below surface 775 432 17.5 1.14 2480 1.2 0.9 <0.2 9.8 2.5 
Valkealampi Below surface 1.23 1.15 0.51 0.02 1.35 7.3 5.9 <0.2 5.2 <0.2 
Blank sample   <0.05 <1 <0.1 <0.005 <1 0.2 0.3 - - - 
Korte1MAA 4-5 0.55 2.19 6.67 0.02 <1 1.6 0.8 <0.2 0.6 <0.2 
Korte2MAA 7.5-8.5 94.1 23.3 12.7 0.48 284 1.7 1.6 <0.2 1.0 <0.2 
Korte2MAA* 7.5-8.5 93.4 23.4 12.9 0.48 286 1.6 1.7 <0.2 1.0 <0.2 
Korte3MAA 2-3 110 45.0 5.67 0.20 237 6.1 4.4 <0.2 2.4 <0.2 
Pappilan hetekaivo 1.5-2.5 0.62 1.48 4.18 0.02 <1 1.9 0.9 <0.2 1.18 <0.1 
Pappilan hetekaivo* 1.5-2.5 0.62 1.47 4.18 0.02 <1 1.5 1.0 <0.2 1.15 <0.1 
R0 Bulk sample 12.4 6.82 14.9 0.15 <1 15 11 <0.2 1.8 <0.2 
R2 4-5 2.15 16.8 11.9 0.03 14.1 22 19 <0.2 1.6 <0.2 
R2* 4-5 2.17 17.1 12.3 0.03 14.5 22 20 <0.2 1.6 <0.2 
R3 3.5-4.5 1.11 1.33 3.97 0.03 <1 88 70 <0.2 0.8 <0.2 
R5 5-6 255 704 9.94 0.92 1150 16 11 <0.2 5.7 <0.2 
DDKS-002 20.2-21.2 4.58 14.5 6.92 0.05 25.9 5.6 1.8 <0.2 10 0.3 
DDKS-002, duplicate 20.2-21.2 4.19 12.8 6.46 0.04 23.7 8.4 1.9 <0.2 9.0 0.3 
DDKS-002 83-84 4.89 15.3 7.02 0.05 26.8 8.3 1.9 <0.2 11 0.3 
DDKS-043 15 (with a pump) 4 4.97 3.64 0.05 5.91 1.3 0.6 <0.2 3.3 0.1 
FID0 36.5-37.5 11.1 6.29 7.98 0.08 2.7 3.1 3.0 <0.2 0.8 <0.2 
FID0 57.5-58.5 10.8 6.28 7.86 0.08 2.57 3.5 2.8 <0.2 0.7 <0.2 
FID0 73.2-74.2 11.2 6.30 7.92 0.08 3.04 4.0 3.4 <0.2 0.8 <0.2 
FID3 31.3-32.3 2.13 2.92 10.8 0.04 <1 6.1 3.4 <0.2 0.6 <0.2 
FID3 55.4-56.4 2.15 2.86 10.9 0.03 <1 9.4 3.2 <0.2 0.6 <0.2 
FID3, duplicate 31.3-32.3 2.13 2.90 10.8 0.03 <1 6.1 3.1 <0.2 0.6 <0.2 
FID4, bulk sample 14-15 4.62 4.64 2.48 0.06 2.17 6.2 3.4 <0.2 1.0 0.3 
FID4, bulk sample* 14-15 4.60 4.64 2.48 0.05 2.16 6.1 3.6 <0.2 1.0 0.3 
FID5 59-60 4.23 12.4 6.65 0.09 3.59 1.6 0.9 <0.2 10 0.3 
FID5 63-64 4.10 12.1 6.48 0.09 3.5 1.5 0.9 <0.2 10 0.3 
FID5 89.5-90.5 4.20 12.6 6.71 0.09 3.5 2.0 0.7 <0.2 10 0.3 
FID25 8.3-9.3 5.23 3.74 7.36 0.06 1.51 3.8 1.3 <0.2 1.0 <0.2 
FID25 21-22 5.16 3.74 7.18 0.05 1.54 3.9 2.3 <0.2 0.9 <0.2 
FID27 17.1-18.1 4.56 4.19 6.8 0.04 1.48 1.6 1.0 <0.2 0.9 0.1 
FID27 33.3-34.3 4.65 4.17 6.57 0.04 1.57 2.7 0.9 <0.2 0.9 <0.2 
FID28 13.5-14.5 15.6 9.86 8.59 0.15 31.5 2.6 1.4 <0.2 2.1 <0.2 
FID28 23.7-24.7 15.6 9.8 9.38 0.15 31.1 2.1 1.2 <0.2 2.1 <0.2 
FID28 82-83 16.1 10.2 9.28 0.15 32.1 1.9 1.3 <0.2 2.3 <0.2 
FID29 17-18 2.16 3.76 0.76 0.03 1.38 3.0 2.1 <0.2 1.1 <0.2 
Korte1KA 13 (with a pump) 3.69 3.84 12.3 0.05 1.38 2.0 1.1 <0.2 0.6 <0.2 
Korte3KA 17 (with a pump) 4.38 13.8 6.1 0.05 4.12 1.0 0.8 <0.2 11.1 0.2 
P1 15 (with a pump) 65.9 99.7 6.53 0.34 234 3.5 2.8 <0.2 2.9 0.5 
P4 Faucet 8.62 8.55 9.55 0.06 <1 5.0 4.0 <0.2 6.4 0.1 
P7 10 (with a pump) 12.6 6.22 4.66 0.13 42.9 5.6 3.4 <0.2 0.7 <0.2 
*Laboratory internal quality control   
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Sample site Sampling depth (m) 
SO4 NO3 Al As B Ba Be Bi Cd Ag Co Cr 
mg/l mg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l 
    + 143R + 143R 150M 150M 150M 150M 150M 150M 150M 150M 150M 150M 
Gypsum pond, section 2 Below surface 16900 <0.4 489000 15.6 53.3 7.08 39.4 <0.2 14.5 0.06 238 98.6 
Haukilampi Below surface 5890 0.6 2940 0.38 38.6 33.6 <0.5 <0.2 0.35 0.18 13.3 18.4 
Kortelampi Below surface 5300 0.9 50200 4.62 23.4 32.5 4.19 <0.2 21.1 <0.05 204 5.06 
Majavanpato Below surface 3880 1.72 39600 5.65 22.4 21.7 4.21 <0.2 29.7 <0.05 305 2.53 
Quarry Below surface 7540 7.5 42500 7.55 40.1 23.3 5.12 <0.2 96 0.09 995 2.65 
Valkealampi Below surface 3.57 <0.4 43.9 <0.2 4.12 34.7 <0.5 <0.2 <0.1 <0.05 0.18 2.02 
Blank sample   - - 11.1 <0.2 <4 1.4 <0.5 <0.2 <0.1 <0.05 <0.1 <1 
Korte1MAA 4-5 1.67 <0.4 33800 3.48 7.89 356 1.26 0.24 0.24 0.08 19.3 85.4 
Korte2MAA 7.5-8.5 846 <0.4 2420 0.77 18.7 273 <0.5 0.22 <0.1 <0.05 36.1 7.13 
Korte2MAA* 7.5-8.5 828 <0.4 2630 0.69 12.6 266 <0.5 <0.2 0.11 <0.05 34.6 6.31 
Korte3MAA 2-3 697 <0.4 2510 0.82 8.3 97.9 <0.5 <0.2 0.34 <0.05 84.4 5.47 
Pappilan hetekaivo 1.5-2.5 2.81 0.4 30.6 0.43 11.8 12.8 <0.5 <0.2 <0.1 <0.05 0.1 1.23 
Pappilan hetekaivo* 1.5-2.5 2.81 0.4 26.8 0.38 <4 12.5 <0.5 <0.2 <0.1 <0.05 0.1 1.13 
R0 Bulk sample 1.81 <0.4 9710 2.21 5.08 160 <0.5 0.2 <0.1 0.1 7.94 33.1 
R2 4-5 44.6 <0.4 11400 4.04 25 230 0.81 0.26 0.18 0.12 12.8 38.2 
R2* 4-5 44.4 <0.4 7230 3.43 <4 188 0.64 <0.2 0.15 0.06 9.72 24.8 
R3 3.5-4.5 1.35 <0.4 4000 1.33 292 68.8 <0.5 <0.2 <0.1 0.05 2.39 10.8 
R5 5-6 4580 <0.4 16000 4.70 14.9 141 0.56 0.27 2.12 0.22 246 37.9 
DDKS-002 20.2-21.2 90.8 <0.4 54400 54.5 5.26 10.6 5.01 <0.2 0.39 0.35 12.8 35.9 
DDKS-002, duplicate 20.2-21.2 85.6 <0.4 39200 45 4.95 15 3.91 <0.2 0.29 0.32 10 28.6 
DDKS-002 83-84 89.4 <0.4 20100 34.4 5.07 17.5 2.07 <0.2 0.24 0.23 10.2 21.7 
DDKS-043 15 (with a pump) 18.4 0.68 563 2.5 23.6 8.42 <0.5 <0.2 0.35 2.29 3.5 13.6 
FID0 36.5-37.5 7.68 <0.4 39600 1.28 7.81 677 0.58 <0.2 0.16 37 19.6 493 
FID0 57.5-58.5 7.30 <0.4 17200 0.84 8.34 294 <0.5 <0.2 <0.1 32.9 8.22 140 
FID0 73.2-74.2 9.06 <0.4 19000 0.75 7.71 323 <0.5 <0.2 <0.1 25.4 8.85 160 
FID3 31.3-32.3 2.41 <0.4 6750 0.66 <4 103 <0.5 <0.2 0.14 11.8 4.52 47.2 
FID3 55.4-56.4 2.41 <0.4 26300 2.09 4.09 316 <0.5 <0.2 0.16 51.5 11.9 111 
FID3, duplicate 31.3-32.3 2.38 <0.4 10800 0.89 <4 147 <0.5 <0.2 <0.1 17.6 5.4 49.5 
FID4, bulk sample 14-15 6.38 <0.4 7370 0.56 17.4 114 <0.5 <0.2 0.2 10.6 2.27 11.9 
FID4, bulk sample* 14-15 6.22 <0.4 5820 0.49 14.8 94.6 <0.5 <0.2 0.17 8.56 1.99 10.1 
FID5 59-60 10.4 <0.4 14200 0.97 22.8 158 0.68 <0.2 <0.1 0.08 7.49 42.3 
FID5 63-64 9.89 <0.4 8000 1.00 25.1 117 <0.5 <0.2 <0.1 0.06 4.7 28.7 
FID5 89.5-90.5 9.59 <0.4 7060 0.66 21.7 105 <0.5 <0.2 <0.1 <0.05 4.07 22.9 
FID25 8.3-9.3 4.29 <0.4 3690 0.72 7.93 75.8 <0.5 <0.2 <0.1 4.74 1.13 9.35 
FID25 21-22 3.77 <0.4 6810 0.83 6.76 113 <0.5 <0.2 0.11 11.3 2.14 20.1 
FID27 17.1-18.1 5.64 1.0 7910 0.52 4.82 90.5 <0.5 <0.2 <0.1 6.33 2.64 10.6 
FID27 33.3-34.3 5.14 1.1 11400 1.04 5.26 120 <0.5 <0.2 0.1 9.93 3.61 20.1 
FID28 13.5-14.5 99.4 <0.4 2010 0.41 30.7 77.7 <0.5 <0.2 <0.1 1.73 1.52 5.54 
FID28 23.7-24.7 94.6 <0.4 4190 0.42 6.85 93.3 <0.5 <0.2 <0.1 4.05 3.56 8.12 
FID28 82-83 103 <0.4 8340 0.64 70.3 124 <0.5 <0.2 0.14 8.43 7.2 16.1 
FID29 17-18 4.10 <0.4 2130 0.23 12.4 46.9 <0.5 <0.2 0.23 0.79 0.84 6.11 
Korte1KA 13 (with a pump) 3.69 <0.4 21400 2.38 <4 257 0.66 <0.2 0.12 0.05 12.4 65 
Korte3KA 17 (with a pump) 12.3 <0.4 2060 0.29 14.2 52.9 <0.5 <0.2 <0.1 <0.05 2.22 13.8 
P1 15 (with a pump) 760 <0.4 6820 1.91 7.87 31.3 0.59 <0.2 11.1 <0.05 85.3 2.58 
P4 Faucet 2.07 0.5 11.5 0.35 5.46 71.5 <0.5 <0.2 <0.1 <0.05 0.97 1.27 
P7 10 (with a pump) 114 <0.4 971 0.25 5.36 58.3 <0.5 <0.2 0.75 <0.05 9.59 8.29 
*Laboratory internal quality control   
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Sample site Sampling depth (m) 
Cu K Li Mn Mo Ni Pb Rb Sb Se Th Tl 
µg/l mg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l 
    150M 150M 150M 150M 150M 150M 150M 150M 150M 150M 150M 150M 
Gypsum pond, section 2 Below surface 60.6 4.2 222 1140000 0.56 14200 1.36 44 <0.2 46.6 328 <0.02 
Haukilampi Below surface 50.8 12.6 350 142000 23 538 2.83 71.9 0.51 <5 1.16 <0.02 
Kortelampi Below surface 92.7 13.6 99.6 296000 0.25 6420 2.44 53.4 <0.2 9.81 60.5 <0.02 
Majavanpato Below surface 154 12.2 65 157000 1.11 8080 <0.6 39.4 <0.2 9.79 5.77 <0.02 
Quarry Below surface 21.4 15.8 90.2 563000 1.06 40900 6.91 41 <0.2 21.1 20 0.25 
Valkealampi Below surface <1 1.41 0.97 45.4 0.26 <3 0.62 1.11 <0.2 <5 0.42 <0.02 
Blank sample   <1 <0.1 <0.5 <0.5 <0.2 <3 <0.6 <0.1 <0.2 <5 0.93 <0.02 
Korte1MAA 4-5 115 11.8 33.5 644 0.45 56 18.9 85.6 <0.2 <5 154 0.48 
Korte2MAA 7.5-8.5 5.34 11.4 18.1 14000 0.63 16 1.85 6.7 <0.2 <5 8.25 <0.02 
Korte2MAA* 7.5-8.5 5.13 10.9 17.4 13900 0.57 15.4 1.71 6.7 <0.2 <5 8.72 <0.02 
Korte3MAA 2-3 7.5 2.72 1.8 43500 <0.2 147 3.04 9.87 <0.2 <5 8.48 <0.02 
Pappilan hetekaivo 1.5-2.5 <1 0.9 <0.5 <0.5 <0.2 <3 <0.6 <0.1 <0.2 <5 0.22 <0.02 
Pappilan hetekaivo* 1.5-2.5 <1 0.85 <0.5 <0.5 <0.2 <3 <0.6 <0.1 <0.2 <5 0.21 <0.02 
R0 Bulk sample 24.5 7.89 18.1 695 4.54 19.5 4.24 23.4 <0.2 <5 46.4 0.04 
R2 4-5 110 6.67 27.7 421 2.2 31.1 6.09 38.5 <0.2 <5 48.8 0.14 
R2* 4-5 91 4.71 21.4 330 1.36 23 5.04 26 <0.2 <5 33.4 0.07 
R3 3.5-4.5 22.2 1.38 3.53 103 0.99 6.58 3.19 9.49 <0.2 <5 16.3 <0.02 
R5 5-6 50.8 19.3 17.8 136000 2.71 290 8.4 55.3 <0.2 5.06 84.8 0.24 
DDKS-002 20.2-21.2 82.8 3.1 0.95 1230 5.61 851 5.41 5.43 1.37 <5 5.01 0.42 
DDKS-002, duplicate 20.2-21.2 75 2.95 0.86 1320 4.5 655 3.94 4.97 1.14 <5 4.05 0.33 
DDKS-002 83-84 52.9 2.99 0.86 1160 3.31 710 3.37 4.67 0.9 <5 3.27 0.23 
DDKS-043 15 (with a pump) 34.3 3.16 1.1 192 42.9 47.9 1.95 4.13 0.68 <5 1.45 0.02 
FID0 36.5-37.5 301 29.7 72.6 1550 34.6 109 7.64 145 <0.2 <5 26.7 0.84 
FID0 57.5-58.5 104 12.6 28 715 20.3 45.7 3.88 46.9 <0.2 <5 12.3 0.21 
FID0 73.2-74.2 104 13.4 29.4 851 22 54.2 3.65 51.4 <0.2 <5 12.3 0.22 
FID3 31.3-32.3 23.2 4.94 6.96 424 42.5 13.2 2.82 14.1 <0.2 <5 43.3 <0.02 
FID3 55.4-56.4 82.3 13.5 19.5 721 97.9 37.4 8.78 63 <0.2 <5 181 0.24 
FID3, duplicate 31.3-32.3 28 6.1 8.43 444 58.9 15.3 3.31 20.3 <0.2 <5 60 <0.02 
FID4, bulk sample 14-15 46.2 5.78 7.57 391 116 7.22 2.81 11.5 0.31 <5 18.6 <0.02 
FID4, bulk sample* 14-15 40.7 4.98 6.47 339 101 6.25 2.47 9.24 0.23 <5 15.5 <0.02 
FID5 59-60 109 9.24 18.1 462 5.56 19.5 7.3 36.9 <0.2 <5 57.8 0.17 
FID5 63-64 50.5 7.49 12.8 350 3.15 12.4 4.43 25.7 <0.2 <5 46.7 0.08 
FID5 89.5-90.5 33.3 6.79 11.4 283 2.36 10.9 3.84 23 <0.2 <5 40.7 0.06 
FID25 8.3-9.3 14.1 3.74 6.9 352 6.3 6.64 2.53 7.83 <0.2 <5 13.3 <0.02 
FID25 21-22 36.1 4.75 9.33 391 8.78 11.7 4.66 16.5 <0.2 <5 31.1 0.03 
FID27 17.1-18.1 16.6 6.02 13.2 122 63.3 8.1 2.47 15 <0.2 <5 19.6 <0.02 
FID27 33.3-34.3 24.1 7.16 16.9 172 57.7 11.3 3.6 23.2 <0.2 <5 25.3 0.02 
FID28 13.5-14.5 12 4.9 4.56 498 13.9 3.53 0.89 1.26 <0.2 <5 4.37 <0.02 
FID28 23.7-24.7 41.4 5.32 5.32 545 20.1 6.19 1.02 3.57 <0.2 <5 4.37 <0.02 
FID28 82-83 80.6 6.28 6.74 698 34.8 12.2 1.82 7.73 <0.2 <5 8.51 <0.02 
FID29 17-18 5.26 3.59 6.05 129 196 <3 0.91 4.71 <0.2 <5 5.19 <0.02 
Korte1KA 13 (with a pump) 63.7 10.8 22.4 629 1.45 40.6 10.3 51.7 <0.2 <5 92.7 0.23 
Korte3KA 17 (with a pump) 33.6 4.8 11.4 70.3 3.21 8.41 4.16 5.14 <0.2 <5 2.99 <0.02 
P1 15 (with a pump) 16.1 9.98 1.78 23800 0.37 2570 <0.6 34.3 <0.2 <5 2.23 <0.02 
P4 Faucet 7.85 3.86 5.86 606 0.47 <3 <0.6 <0.1 <0.2 <5 0.26 <0.02 
P7 10 (with a pump) 7.06 6.85 0.93 6790 1.38 75.1 0.79 20.7 <0.2 <5 0.93 <0.02 
*Laboratory internal quality control   
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Sample site Sampling depth (m) 
U V Zn Ca Fe Mg Na P S Si Sr     
µg/l µg/l µg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l Solids pH 
    150M 150M 150M 150P 150P 150P 150P 150P 150P 150P 150P mg/l   
Gypsum pond, section 2 Below surface 2500 134 5710 364 785 2180 1070 <0.3 6050 17.7 0.59 53 2.8 
Haukilampi Below surface 10.1 0.5 183 399 1.61 473 1280 <0.3 2310 <0.7 0.99 3.1 4.1 
Kortelampi Below surface 144 <0.5 7800 499 38.6 640 502 <0.3 2110 4.06 0.92 12 3.2 
Majavanpato Below surface 98.8 <0.5 13300 377 1.64 397 305 <0.3 1320 6.1 0.74 <2 4.1 
Quarry Below surface 316 0.75 88500 326 714 805 473 <0.3 2690 17.4 1.16 4.6 3.3 
Valkealampi Below surface 0.03 <0.5 14.6 2.66 1.19 1.11 1.22 <0.3 1.39 <0.7 0.02 <2 6.4 
Blank sample   <0.01 <0.5 19.8 <0.6 <0.03 <0.1 <0.2 <0.3 <0.2 <0.7 <0.005     
Korte1MAA 4-5 4.45 97.7 166 14.5 55 17 7.09 1.51 0.56 55.8 0.12 2100 6.5 
Korte2MAA 7.5-8.5 0.4 5.84 62.1 176 22.7 92.4 23.2 <0.3 301 15.5 0.48 99 6.5 
Korte2MAA* 7.5-8.5 0.4 6.1 61.7 188 24.8 96.2 25.1 <0.3 332 17.4 0.51     
Korte3MAA 2-3 0.34 4.97 56.5 59.1 7.88 103 44.6 <0.3 256 8.64 0.2 100 5 
Pappilan hetekaivo 1.5-2.5 0.01 <0.5 13.7 2.78 0.07 0.97 2.7 <0.3 1.3 4.66 0.03 <50 6.2 
Pappilan hetekaivo* 1.5-2.5 0.01 <0.5 14.3 2.64 0.06 0.92 2.43 <0.3 1.24 4.68 0.03     
R0 Bulk sample 0.91 33.4 56.3 22.7 18.5 16.6 8.36 0.41 0.79 31.7 0.17 28 6.6 
R2 4-5 1.42 56.7 615 6.25 22.1 7.82 18.7 0.47 16.1 31 0.05 150 5.7 
R2* 4-5 1.19 41.3 625 5.03 17 5.65 16.7 0.44 15 21.5 0.04     
R3 3.5-4.5 0.27 9.78 171 3.97 14.6 2.39 2.13 0.68 1.01 9.07 0.03 58 5 
R5 5-6 1.44 40.1 2510 225 53.5 263 768 0.77 1190 35.2 0.91 950 3.7 
DDKS-002 20.2-21.2 2.81 212 11300 31.8 61.6 5.93 17.6 0.33 47.7 18.3 0.06 93 6.5 
DDKS-002, duplicate 20.2-21.2 2.2 148 9420 29.6 54.1 5.25 15.9 <0.3 42.5 15.4 0.05 100 6.5 
DDKS-002 83-84 1.96 75.6 5750 32.7 49.5 5.66 17.7 <0.3 37.7 12.6 0.06 87 6.6 
DDKS-043 15 (with a pump) 2.11 3.61 89.4 21.4 12.9 4.19 5.57 <0.3 6.48 5.21 0.06 300 8 
FID0 36.5-37.5 11.7 128 278 25 67.3 36.1 11.8 1.11 3.22 56.4 0.16 44 7.6 
FID0 57.5-58.5 5.76 46.6 115 19.3 23.2 18.7 9.83 0.45 3.03 37.3 0.12 6 7.8 
FID0 73.2-74.2 6.23 49.4 131 20.5 24.5 19.4 10.9 0.41 4.62 38.8 0.13 <40 7.7 
FID3 31.3-32.3 0.25 13 64.4 8.36 70.1 4.55 5.15 0.43 0.98 27.2 0.07 180 7.1 
FID3 55.4-56.4 1.03 53.7 118 15.1 138 11.2 10.5 1.15 0.93 48.5 0.15 540 6.9 
FID3, duplicate 31.3-32.3 0.32 19.2 55.3 9.62 69 5.19 6.41 0.51 0.94 32.2 0.09 220 7 
FID4, bulk sample 14-15 0.31 8.97 76.7 16.4 29.2 6.28 7.54 <0.3 2.43 19.3 0.1 250 7.6 
FID4, bulk sample* 14-15 0.26 7.49 65.3 15 26.4 5.66 6.45 <0.3 2.1 15.4 0.08     
FID5 59-60 4.72 41 147 24.9 34.5 11.7 16 1.12 4.41 35.2 0.14 250 7.9 
FID5 63-64 7.21 32.4 101 21.3 34.1 8.43 13.3 0.66 4 22.9 0.11 390 7.9 
FID5 89.5-90.5 3.13 24.1 71.7 21.1 18.6 8.09 13.5 0.57 3.78 20.7 0.11 430 7.9 
FID25 8.3-9.3 5.51 4.94 13.4 20.6 7.18 6.47 5.69 <0.3 1.56 15.3 0.07 <40 7.8 
FID25 21-22 4.95 9.51 22.2 21.4 13.2 7.55 6 0.31 1.46 22.1 0.08 <40 7.8 
FID27 17.1-18.1 0.31 9.25 34.7 8.73 14.1 6.24 7.03 <0.3 1.61 21.8 0.07 110 7.7 
FID27 33.3-34.3 0.47 15.5 45.3 9.83 22 7.64 8.29 <0.3 1.55 26.7 0.09 330 7.6 
FID28 13.5-14.5 1.49 15.2 24.6 33.1 7.5 16.4 10.3 <0.3 34.2 12.5 0.15 93 7.7 
FID28 23.7-24.7 1.61 23.9 21.2 35 9.69 17.5 10.6 0.35 33.4 16.8 0.16 70 7.8 
FID28 82-83 2.31 47.6 66.3 41.8 21.1 20.5 12 0.51 37 25.8 0.18 56 7.8 
FID29 17-18 0.12 4.43 21.5 5.58 13.9 2.36 4.62 <0.3 1.53 6.12 0.04 120 7.6 
Korte1KA 13 (with a pump) 2.74 61.1 109 14.7 30.7 14.2 7.76 0.78 1.55 53.6 0.11 2800 7 
Korte3KA 17 (with a pump) 6.09 20.1 72.5 16.5 4.57 5.85 16 0.43 4.69 10.1 0.06 78 8.3 
P1 15 (with a pump) 0.97 <0.5 1780 88.2 0.17 73.9 119 <0.3 296 6.57 0.4 11 4.7 
P4 Faucet 1.97 0.73 21.8 11 <0.03 9.43 10 <0.3 0.93 9.23 0.07 <2 7 
P7 10 (with a pump) 0.16 <0.5 133 40.9 93.4 13.5 7.18 <0.3 55.5 6.03 0.15 370 6 
*Laboratory internal quality control   
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Sample site Sampling depth (m)   
YSI measurements Alkalinity 
Alkalinity PO4-P SPC C pH ORP initial pH digit Alk  Alk  
    mmol/l mg/l  µS/cm µS/cm     mV 
  
mg/l CaCO3 mmol/l 
Gypsum pond, section 2 Below surface <0.05 0.17 16138 11654 2.55 370 xx xx     
Haukilampi Below surface <0.05 <0.01 8705 5768 3.82 249.1 xx xx     
Kortelampi Below surface <0.05 <0.01 6961 4551 2.96 345.7 xx xx     
Majavanpato Below surface <0.05 <0.01 4542 2990 3.96 291.4 xx xx     
Quarry Below surface <0.05 0.02 8580 5650 3.23 255.4 xx xx     
Valkealampi Below surface 0.06 <0.01 46.2 31.1 4.86 275.3 6.25 23 9.2 0.184 
Blank sample                       
Korte1MAA 4-5 0.21 <0.01 25.1 16.2 6.05 124 6.12 25 10 0.2 
Korte2MAA 7.5-8.5 0.39 <0.01 1537 985 6.03 70.8 6.75 106 42.4 0.848 
Korte2MAA* 7.5-8.5                     
Korte3MAA 2-3 <0.05 <0.01 1257 815 5.27 159.5 5.49 26 10.4 0.208 
Pappilan hetekaivo 1.5-2.5 0.15 <0.01 35.3 22.4 5.9 205 5.9 8 3.2 0.064 
Pappilan hetekaivo* 1.5-2.5                     
R0 Bulk sample 2.4 0.012 252.5 153.7 6.41 68.3 6.38 327.00 130.8 2.616 
R2 4-5 0.16 0.046 156.5 95 4.75 214.2 5.43 30.00 12 0.24 
R2* 4-5                     
R3 3.5-4.5 <0.1 0.29 55.1 32.5 5 154.7 5 34.00 13.6 0.272 
R5 5-6 <0.1 <0.01 3412 2188 5.87 130.4 5.78 94.00 37.6 0.752 
DDKS-002 20.2-21.2 0.66 <0.01 344.7 226.1 6.7 -32.8 6.79 155 62 1.24 
DDKS-002, duplicate 20.2-21.2 0.59 <0.01 xx xx xx xx 6.66 161 64.4 1.288 
DDKS-002 83-84 0.67 <0.01 364.5 233.3 6.49 -12.6 6.6 160 64 1.28 
DDKS-043 15 (with a pump) 1.3 <0.01 189.3 119.6 6.83 99.2 7.3 156 62.4 1.248 
FID0 36.5-37.5 2.1 <0.01 215 133.5 7.05 145.6 7.38 175 70 1.4 
FID0 57.5-58.5 1.8 <0.01 191 120 6.93 85.2 7.3 173.00 69.2 1.384 
FID0 73.2-74.2 2 <0.01 199 124.7 7.13 58.4 7.24 183.00 73.2 1.464 
FID3 31.3-32.3 0.55 <0.01 99.9 677 6.32 -17.8 6.87 146 58.4 1.168 
FID3 55.4-56.4 0.57 <0.01 96.1 63.1 6.25 -13.8 6.6 136 54.4 1.088 
FID3, duplicate 31.3-32.3 0.55 <0.01                 
FID4, bulk sample 14-15 1.2 <0.01 xx xx xx xx 7.25 169 67.6 1.352 
FID4, bulk sample* 14-15     141.725 87.625 6.87 -93.9 Average from four sub-samples of a bulk  
FID5 59-60 1.2 <0.01 177.7 114.2 6.65 132.8 7.78 162.00 64.8 1.296 
FID5 63-64 1.2 <0.01 177 111.7 7.12 118 7.86 166.00 66.4 1.328 
FID5 89.5-90.5 1.2 <0.01 178.2 112.8 7.38 116.1 7.61 164 65.6 1.312 
FID25 8.3-9.3 1.5 <0.01 156.2 94.9 6.37 45.2 7.34 132.00 52.8 1.056 
FID25 21-22 1.6 <0.01 155 93.5 6.81 25.9 7.3 133.00 53.2 1.064 
FID27 17.1-18.1 0.85 <0.01 97.5 56.1 6.04 62.3 6.52 123.00 49.2 0.984 
FID27 33.3-34.3 0.86 <0.01 96.4 54.7 6.27 84.8 7.02 120.00 48 0.96 
FID28 13.5-14.5 1.3 <0.01 341.3 210.9 6.43 150.1 7.36 176.00 70.4 1.408 
FID28 23.7-24.7 1.3 <0.01 327.9 204.4 6.76 155.2 7.49 167.00 66.8 1.336 
FID28 82-83 1.3 <0.01 356.9 222 6.98 144.6 7.7 174.00 69.6 1.392 
FID29 17-18 0.56 <0.01 71 44 7.62 -162.8 7.2 91 36.4 0.728 
Korte1KA 13 (with a pump) 0.89 0.018 98.3 63.4 6.38 115.4 6.6 111 44.4 0.888 
Korte3KA 17 (with a pump) 1.3 0.039 183.5 116.6 6.84 107.3 7.6 164 65.6 1.312 
P1 15 (with a pump) <0.05 <0.01 1436 950 4.93 184.2 4.7 14 5.6 0.112 
P4 Faucet 1.5 0.033 168.7 122.4 6.27 115.8 6.5 197 78.8 1.576 
P7 10 (with a pump) 0.65 <0.01 617.7 398.9 5.92 51.8 6.6 368 147.2 2.944 
*Laboratory internal quality control   
          
